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Zooplankton play fundamental roles in the food webs of freshwater lakes and ponds. Their 
community structure has a direct influence on water quality characteristics such as Secchi 
Depth transparency (Gannon and Stemberger, 1978; Horn, 1991; Makino et al., 2001; Sprules, 
1977, Takamura et al. 1999). To keep freshwater lakes and ponds in good conditions for human 
use, careful monitoring on zooplankton is very important.  
 Zooplankton taxonomy has improved significantly in recent years as a result of using 
molecular ecological analyses and having more detailed morphological analyses (Table 1). 
Such molecular analyses are able to separate even morphologically-indistinguishable-but-
genetically-separable cryptic species complexes (Table 2), which results in a more accurate 
description of zooplankton fauna. However, such updated information on zooplankton 
taxonomy and the advantages of molecular ecological methods (MEMs) are largely 
unacknowledged in most nations including in Japan, despite the monitoring efforts that have 
been made for years. Furthermore, recent taxonomic updates have been biased to cladocerans 
(e.g., Galibian et al., 2021; Kotov et al., 2009; Maruoka et al., 2018), merely because taxonomic 
studies with MEMs are more prevailing in cladocerans than copepods. Therefore, it is essential 
that the methodology used in zooplankton monitoring becomes up to date with the current 
technological advances.  
The purpose of this study is to highlight the importance of MEMs for deepening our 
understanding of freshwater zooplankton. To lucidly demonstrate that, the first two chapters 
will concentrate on copepods, since freshwater copepods in Japan are less focused on compared 
to cladocerans (Tables 1 and 2).  The emphasis will specifically be on two closely related 
species of the genus Cyclops (Copepoda: Cyclopoida).                                                
Chapter 1 resolves issues related to the taxonomic ambiguity of the Japanese Cyclops 
vicinus Uljanin, 1875 and Cyclops kikuchii Smirnov, 1932 using both MEMs and traditional 
morphological methods. In Japanese literature, the nomenclature and distinction between these 
two congeners are still questionable and they are both identified as “C. vicinus” in most of the 
cases (thus, hereafter C. vicinus s.l.). This chapter determined the taxonomic position of the 
Japanese C. vicinus s.l. by morphological analyses and by sequencing nuclear internal 
transcribed spacer 1 (ITS-1) and the mitochondrial 12S (mt12S) genes. The ITS-1 phylogeny 
separated Japanese C. vicinus s.l. into two genetic groups; one clustered with European C. 
kikuchii (thus, CkikJPN), while the other clustered with European C. vicinus (thus, CvicJPN). 
Morphological analyses using the lengths of terminal furcal setae revealed that CkikJPN and 
CvicJPN correspond to C. kikuchii and C. vicinus, respectively. These results showed that C. 
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vicinus and C. kikuchii in Japan were confidently the same species as those in Europe. The 
degree of divergence in the mt12S between Japanese and European populations varied largely 
between the species, as it was nearly at the interspecific level in C. kikuchii, while it was at the 
intraspecific level in C. vicinus; it is the first case in which the genetic divergence between the 
European and Asian population is greatly different among closely related species of freshwater 
copepods (Sioud et al., 2021). 
Chapter 2 also results from applying MEMs, with more extensive sampling efforts 
across the country compared to those in Chapter 1. The aim was to have a better grasp of the 
two Japanese species’ spatial distribution and to inspect whether they exhibit similar 
phylogeographic patterns (in terms of mitochondrial cytochrome c oxidase subunit I, mtCOI) 
and to subsequently infer any differences in their ecological characteristics.  The results showed 
a distinct latitudinal structure separating the two congeners; even when their occurrence zones 
overlapped. C. vicinus was more frequently found in the south, while C. kikuchii dominated in 
the north. This suggests that C. kikuchii has a stronger spatial competition than C. vicinus in 
the north and vice versa. Therefore, the odds of C. “vicinus” being rightly C. kikuchii in 
previous literature are higher in specimens which were collected from the north. Furthermore, 
results showed that the Japanese C. kikuchii was comprised of two phylogroups with a large 
genetic differentiation, suggesting a case of secondary contact. Both species did not exhibit 
any strong sign of demographic expansion after bottleneck events in Japan. Additionally, C. 
kikuchii had many private haplotypes across Japan, while C. vicinus possessed several 
geographically widespread haplotypes. This indicates that the realized range of dispersal and 
frequency of effective dispersal of C. vicinus are likely larger than those of C. kikuchii. 
Consequently, we argued that the dispersal ability was stronger in C. vicinus than it was in C. 
kikuchii. 
Chapters 1 and 2 collectively show the inevitable necessity and evident usefulness of 
MEMs for freshwater zooplankton. It is expected that the utility of MEMs in future monitoring 
and studies would be maximized by adopting high throughput sequencing technologies such 
as “metabarcoding”, which allows the simultaneous identification of many taxa within the 
same sample. Nevertheless, there are limitations to these technologies such that the amplicon 
size should be kept shorter than in the case of Sanger sequencing technology and that the PCR 
efficiency may vary largely between different zooplankton species within the same sample. As 
for the PCR efficiency in zooplankton metabarcoding, the results of previous studies (Clusa et 
al., 2021; Zhan et al., 2014; Zhao et al., 2021) are not helpful, since they usually ignore the 
differences in PCR efficiency between species, adding to the fact that species composition of 
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zooplankton in Japan must be vastly different from those in the previous studies due to the 
presence of endemic species in Japan (e.g., Makino et al., 2018). Therefore, in Chapter 3, I 
seek the best gene region(s) for freshwater zooplankton in terms of metabarcoding with high 
throughput sequencing technologies. Specifically, mock community experiments with defined 
mixtures of different and common zooplankton species in Japan are conducted.  
In the experiments, extracted DNA from each mock community was individually 
amplified in PCR for three gene regions [mt12S, mtCOI, and the D6 domain of nuclear 
ribosomal DNA (nr28S)]. PCR products from different mock communities were sequenced 
with a high throughput sequencer (HTS). The results showed substantial differences in PCR 
efficiency among the species in all gene regions examined, such that different species were 
nearly eliminated in different gene regions. For example, Eodiaptomus japonicus, which is a 
common copepod species in Japan (along with C. vicinus), was rarely detected when using 
mtCOI, while it was evidently detected when nr28S was used. On the other hand, another 
common zooplankton taxa, Thermocyclops spp., was rarely detected in nr28S, while it was 
distinctly detected in mtCOI. It also appeared that mt12S detected copepods successfully, but 
failed to detect cladocerans. Based on these results, it is concluded that using two gene regions, 
namely mtCOI and nr28S, simultaneously in the metabarcoding is the best choice for Japanese 
freshwater zooplankton communities. Finally, the present experiment uncovered that there 
were taxa which were over- and under-represented compared with their biomass in all gene 
regions, and such over- and under-represented taxa varied with gene regions used in the HTS 
analysis. In other words, the metabarcoding did not produce quantitative data. Therefore, the 
quantitative nature of zooplankton monitoring data should be ensured by traditional 
quantitative collection methods and traditional counting operations using a microscope. 
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Table 1. Examples of Japanese freshwater zooplankters whose scientific name has been corrected 
based on the results of molecular ecological methods and traditional morphological methods. 
Corrected name Reason Reference 
Copepoda 
  
Pseudodiaptomus japonicus Kikuchi, 
1928* 
Erroneously confused with 
P. inopinus Burckhardt, 
1913 
Sakaguchi and Ueda (2018) 
Pseudodiaptomus yamato 
 Ueda et Sakaguchi, 2019* 
Separated from P. inopinus 
Burckhardt, 1913 
Ueda and Sakaguchi (2019) 
Cladocera     
Bosmina tanakai 
 Kotov, Ishida et Taylor, 2009  
Separated from B. 
longispina Leydig, 1860 
Kotov et al. (2009) 
Bosmiopsis zernowi  
Garibian et al., 2021 
Separated from B. deitersi 
Richard, 1895 
Garibian et al. (2021) 
Daphnia mitsukuri 
 Ishikawa, 1896 
Erroneously confused with 
D. pulex Leydig, 1860 
Maruoka et al. (2018) 
Daphnia sinensis  
Gu et al., 2013 
Erroneously confused with 
D. similis Claus, 1876 
Popova et al. (2016) 
Daphnia tanakai  
Ishida, Kotov et Taylor, 2006 
Separated from D. 
curvirostris Eylman, 1887 
Ishida et al. (2006) 
Scapholeberis smirnovi  
Garibian et al., 2020 
Separated from S. kingii 
Sars, 1888 
Garibian et al. (2020) 




Table 2. Examples of cryptic species complex in freshwater zooplankton, in which a genetic lineage 
distributed in Japan has not been officially described. 
Name of cryptic species 
complex 




   
Eurytemora affinis 
(Poppe, 1880)* 






The "southern lineage" is 
A. pacificus s.s., while the 
name A. yesoensis 
Kokubo, 1913 could be 
more suitable than A. 
pacificus for the "northern 
lineage". 
Makino and Tanabe 
(2009), Makino et al. 
(2018) 
Cladocera       
Chydorus sphaericus 
(O.F. Müller, 1776) 
Europe Lineage A3 Belyaeva and Taylor 
(2009) 
Moina micrura Kurz, 
1875 
Europe M. cf. micrura JPN1 Makino et al. (2020) 
Polyphemus pediculus 
(Linnaeus, 1761) 
Europe Lineage PA5 Xu et al. (2009) 























Differential intraspecific genetic variations of the closely related, wide-ranged 






Copepods appear in nearly all freshwater habitats (Boxshall and Defaye, 2007). They play an 
essential role in the aquatic food web as intermediate consumers (Reid and Williamson, 2010), 
and can also be bioindicators of changes in water quality (Maier, 1998; Perbiche-Neves et al., 
2016; Silva, 2011). Due to their relatively small size, it is sometimes challenging to distinguish 
morphologically similar, closely related species merely based on morphology. That is the case 
for Cyclops vicinus Uljanin, 1875 and its close relative Cyclops kikuchii Smirnov, 1932, both 
of which are distributed in Eurasia (Dussart and Defaye, 2006; Hołyńska and Wyngaard, 2019; 
Lee et al., 2005; Rylov, 1948). Cyclops kikuchii was initially described based on specimens 
collected in Japan by Smirnov (1932). This species was once treated as a variety (e.g., Rylov 
1948) or a subspecies (e.g., Einsle, 1994) of C. vicinus. However, interbreeding experiments 
and karyological analyses suggested that the two taxa were taxonomically distinct from each 
other (Kochina and Monchenko, 1986). Furthermore, Einsle (1994) examined the genetic 
differentiation between German C. vicinus and German C. vicinus kikuchii with allozyme 
variations and showed that there was no gene flow between the two taxa, even in a waterbody 
where both taxa occurred. Since these studies, C. kikuchii has been treated again as a valid 
species. The relative length of terminal furcal setae has been used as a morphometric character 
to distinguish C. kikuchii and C. vicinus (Blędzki and Rybak, 2016; Einsle, 1994, 1996; 
Krajíček et al., 2016). 
 Cyclops vicinus and C. kikuchii have been recorded from both sides of the Eurasian 
Continent, i.e., Europe and East Asia (Smirnov, 1932, Rylov, 1948, Einsle, 1966, Mizuno and 
Takahashi, 2000, Chang and Kim, 1986, Chang, 2009). However, one may doubt such a wide 
geographic range of freshwater copepods, because molecular studies have revealed that, so far, 
wide-ranged species, e.g., Eurytemora affinis in Lee (2000), Diacyclops bicuspidatus in 
Monchenko (2000), Acanthodiaptomus pacificus in Makino and Tanabe (2009), Macrocyclops 
albidus in Karanovic and Krajíček (2012), Hemidiaptomus (Occidodiaptomus) in Marrone et 
al. (2013), are complexes of allopatric cryptic species. Besides, there have been no molecular 
studies confirming wide geographic distribution of a single freshwater copepod species. 
Previous molecular analyses on Cyclops spp. were limited to specimens from Europe (Krajíček 
et al., 2016, Hołyńska and Wyngaard, 2019). Thus, it has not been genetically confirmed that 
C. vicinus and C. kikuchii are the same species between European and Asian populations.  
The taxonomic status of Cyclops vicinus and C. kikuchii in Japan is still unsettled. Ito 




Japan, probably following Rylov (1948). Similar to Ito’s (1956), Mizuno and Takahashi (2000) 
included only C. vicinus and did not describe C. kikuchii in their illustration book of freshwater 
zooplankton in Japan. Contrary to these descriptions, Ishida (2002) identified Japanese 
specimens as C. kikuchii by following the taxonomic review by Einsle (1996). According to 
Ishida (2002), the species previously identified as C. vicinus were corrected to C. kikuchii in 
Einsle's (1996) review. However, this is probably due to Ishida's (2002) misunderstanding, 
because Einsle (1996) did not provide such explanation. In conclusion, there are no reliable 
descriptions of C. kikuchii from Japan, except for the original description of the species 
(Smirnov, 1932). I call our specimens "Japanese C. vicinus s.l." until their species is determined 
by molecular analysis.  
Accordingly, the present study has two objectives. The first one is to evaluate the 
taxonomic status of Japanese C. vicinus s.l. via molecular methods as well as morphological 
inspections. Using nuclear and mitochondrial DNA sequences obtained from European 
populations (Krajíček et al., 2016; Hołyńska and Wyngaard, 2019), I examined the taxonomic 
position of Japanese C. vicinus s.l.  As for morphological inspections, I re-examined the relative 
length of terminal furcal setae of Japanese C. vicinus s.l. to check if Japanese C. vicinus s.l. 
exhibits similar interspecific variations to those between C. vicinus and C. kikuchii shown in 
European studies (Einsle, 1994, 1996; Błędzki and Rybak, 2016; Krajíček et al., 2016). The 
second but the main objective is to reveal whether the geographically distant populations in 
Japan and Europe are truly the same species and, if it is the case, investigate the degree of 
intraspecific genetic divergence between the Japanese and European populations. These results 
would help deepen our understanding of the broadly-ranged congeners and their taxonomic 
status.  
 
Materials and Methods 
Individuals of Japanese C. vicinus s.l. were isolated from the series of ethanol-preserved 
zooplankton samples collected across Japanese freshwater lakes and ponds (e.g., Makino et al., 
2018, 2020; Yamamoto et al., 2020). In the field, zooplankters were collected by a conical 
plankton net (mesh size, 0.1 mm), preserved in 99% ethanol, and kept in a cool box. The 
samples were then stored in the laboratory refrigerator at 4-6°C after brief inspections of the 
species composition under a stereomicroscope. These inspections revealed the 




the four major islands of Japan (Table 1.1) were selected for the present study. Our sample 
collections were made in all seasons (Table 1.1) . 
Overall, 137 (61 adult males, 76 adult females) individuals of Japanese C. vicinus 
s.l. were used in the molecular and morphological analyses. For each individual, photographs 
of full body (X40), those of furca and terminal setae (X70) were taken through a Leica HD170 
digital camera connected to an Olympus SZH10 microscope, before dissection. DNA was 
individually extracted from the prosome, each in a 50 µl Quick Extract solution according to 
the manufacturers’ protocols, except that it was prolonged to 6 h at 65°C. 
 
Phylogenetic analyses: nuclear internal transcribed spacer 1 
The nuclear internal transcribed spacer 1 (hereafter ITS-1) was sequenced, because this region 
is highly variable in nucleotide sequences between copepod species (e.g., Makino and Tanabe, 
2009) and because recent studies (Hołyńska and Wyngaard, 2019; Krajíček et al., 2016) used 
this region for European Cyclops spp.  
Each 10 µl polymerase chain reaction (PCR) cocktail included 1µl of DNA template 
solution, 0.05 µm of Ex Taq polymerase, 1µl of 10X Ex Taq buffer, 0.8 µl of dNTP, 0.2 µl of 
each ITS-1 primer (10µM, see Table 1.S.1), 1µl of Cresol red and 5.75µl of distilled water. 
The PCR cycling condition was 95°C for 1 min, 94° C for 30 s, 60°C for 45 s 72° C for 45 s 
then 39 cycles of 94°C for 30 s with a final extension of 72° C for 5 min. Agarose gel 
electrophoresis was done with 4% agarose solved in TBE or TAE in the presence of GelRed 
nucleic acid stain, the results were photographed and used for verification. PCR products were 
purified using ExoSAP-IT Product Cleanup Reagent, then amplified with Big Dye Terminator 
ver. 3.1 using the same primers as in the PCR amplifications. DNA Sanger sequencing was 
performed using the 3100-Avant Genetic Analyzer. All forward and reverse sequences were 
inspected through MEGA X (Kumar et al. 2018) to create consensus sequences, which were 
then aligned with MUSCLE (Edgar 2004) to detect the different haplotypes. The obtained 
haplotypes have been deposited to the DNA Data Bank of Japan (DDBJ) under the accession 
numbers LC537297-LC537306. 
The phylogenetic relationship among the obtained haplotypes was examined with 
Mega X. The ingroup included 10 haplotypes from Japanese C. vicinus s.l., 3 sequences of 
European C. kikuchii and 4 sequences of European C. vicinus, and 16 sequences of 10 European 
Cyclops species (C. strenuus, C. insignis, C. abyssorum, C. ochridanus, C. heberti, C. borealis, 




For the outgroup, 1 sequence of Acanthocyclops americanus (Krajíček et al., 2016) was added. 
All of these sequences were aligned with MUSCLE, and their phylogeny was depicted in a 
Maximum Likelihood (ML) tree with the aid of Mega X, applying Kimura’s (1980) two 
parameter (K2P) pairwise genetic distance, pairwise gap deletions, and 1000 bootstrap 
replications. 
 
Phylogenetic analyses: mitochondrial 12S rDNA  
I sequenced mitochondrial 12S rDNA (hereafter mt12S), because recent studies (Hołyńska and 
Wyngaard, 2019; Krajíček et al., 2016) used this region for European Cyclops spp. as well. 
Since the rate of nucleotide substitution is generally higher in mitochondrial genes than nuclear 
genes, I expected that mt12S sequencing would be useful to deeply investigate intraspecific 
relationships among Japanese C. vicinus s.l. and their European close relatives. 
The PCR reaction cocktail was identical to the one used for ITS-1 with the exception 
of using mt12S primers (10µM, see Table 1.S.1). The PCR cycling condition was 95°C for 1 
min, 45 cycles of 95°C for 30 s, 45°C for 30 s, 72°C for 45 s (with increased time after cycle 
20 by 5 s every 2 cycles) then 72°C for 15 min and 15° C for an infinite time. After the agarose 
gel electrophoresis, products were cleaned, sequenced, and genotyped as explained above, 
except for using mt12S primers as in the PCR amplification. The obtained haplotypes have 
been deposited to DDBJ under the accession numbers LC537285-LC537296.  
The phylogeny of mt12S haplotypes was depicted in a ML tree with Mega X, 
applying K2P pairwise genetic distance, pairwise gap deletions, and 1000 bootstrap 
replications. The ingroup besides Japanese C. vicinus s.l. included 6 sequences of European C. 
kikuchii, 4 sequences of European C. vicinus, 13 sequences of 8 European Cyclops species (C. 
strenuus, C. scutifer, C. insignis, C. heberti, C. borealis, C. bohater, C. abyssorum), and one 
sequence of Acanthocyclops americanus was used as an outgroup. All of the European 
sequences used here were deposited by Krajíček et al. (2016) and Hołyńska and Wyngaard 
(2019) in the GenBank. 
 
Morphological analyses: measurements of morphometric characteristics  
C. vicinus and C. kikuchii are separable by the relative length of terminal furcal seta: for 
example, the length of the internal seta relative to that of furca is shorter in the former species 




also useful to distinguish the two species (Blędzki and Rybak, 2016; Einsle, 1996; Krajíček et 
al., 2016).  
Morphometric characteristics were examined using photographs taken before 
dissection. The length of furca and three of its terminal setae (Ti: terminal internal seta; Tmi: 
terminal medium internal seta; Te: terminal external seta) (for terminology, see Einsle, 1996) 
were measured with the aid of ImageJ software (Schneider et al., 2012). The measurements 
were conducted on both right and left furcal branches, and the average value was obtained for 
each individual. The body length was measured from the anterior tip of the prosome to the end 
of the furca.  
Microcharacters on the antennal basis (Chang and Min, 2005, Chang, 2009), maxillular 
palp, maxilliped, and on pairs of legs (1 and 4) (Krajíček et al., 2016) could be helpful in 
separating the two species. However, Krajíček et al. (2016) suggested that separation based on 
these microcharacters is possible only when C. vicinus and C. kikuchii co-occur. In the present 
study, morphologies used are limited to the body length and furcal branches, because it was 
difficult to examine microcharacters successfully on limited specimens used for molecular 
analyses. 
 
Morphological analyses: statistical tests 
The relative length of Ti was examined to the body length, and that to the length of furca among 
Japanese C. vicinus s.l. individuals to check if they can be morphologically separated into two 
different species.  
 First, the relative length of Ti to the body length and that to the length of furca were 
compared between the two putative species by Welch’s t-test for unequal variances (Ruxton, 
2006), because these relative lengths are shorter in C. kikuchii than C. vicinus (Einsle, 1996). 
Second, the ratios among the lengths of three terminal furcal setae, namely the ratio of Tmi and 
Ti (i.e., Tmi/Ti) and that of Te and Ti (i.e., Te/Ti) were calculated, then the results between the 
two putative species were compared using Welch’s t-test. According to the description of 
Blędzki and Rybak (2016), Te/Ti should be larger in C. kikuchii than in C. vicinus. 
In addition, to statistically separate the two putative species from each other, usable 
combinations among the morphometric characteristics were sought as classifiers in a quadratic 
discriminant analysis (QDA). The degree of accuracy in QDA was checked by the leave-one-
out cross-validation method, which uses a single observation from the original sample (i.e., all 




as the training data. The “qda()” function from the MASS package (Venables and Ripley, 2002) 
in RStudio 1.15.3 (RStudio Team, 2015) was used in this analysis. The “usability” of a given 
combination of the morphometric characteristics was evaluated by the overall accuracy of the 
QDA. 
 
Morphological analyses: QDA for drawings in Japanese literatures 
I tried to clarify the taxonomic position of Japanese C. vicinus s.l. drawings in recent Japanese 
literature with the QDA. The drawings examined were “C. kikuchii” in Ishida (2002, Fig. 19a, 
collected from a pond in Tokyo in 1996, and Fig. 19b, collected from Lake Biwa in 1994), “C. 
vicinus” in Kawabata and Defaye (1994, Figs. 3A and 3D, collected from Lake Kahoku-gata 
in 1990-1992), and “C. vicinus” in Ueda et al. (1997, Figs. 1, 3, 16, and 17, collected from 
ponds in Miyazaki Prefecture in 1995). Prior to QDA, the drawings in Ishida (2002) were 
scanned and digitized, while a pdf file was available for the other literatures. In each digitized 
drawing, the related lengths were measured via ImageJ. In QDA, data from our own ethanol-
fixed Cyclops specimens were used as the training data while data from the drawing were used 
as the validation data. The “qda()” function from the MASS package in RStudio was used in 
this analysis as well.  
 
Results 
Phylogenetic analyses: ITS-1 
130 individuals of Japanese C. vicinus s.l. have been sequenced successfully, and 10 haplotypes 
were obtained (ITSJPN1 through ITSJPN10 in Fig. 1.1). The amplicon sizes of haplotypes 
ITSJPN1-ITSJPN8 (447 bp) were shorter than those of haplotypes ITSJPN9-ITSJPN10 (537 
bp) due to one 90bp indel. The haplotypes ITSJPN1-ITSJPN8 were almost identical to the ITS-
1 sequences of European C. vicinus, while ITSJPN9-ITSJPN10 were very similar to the 
sequences of European C. kikuchii (see Table 1.2). ITSJPN1-ITSJPN10 were clearly 
differentiated from the ITS-1 sequences of other European Cyclops species (Fig. 1.1). Based 
on these results, individuals possessing either of the haplotypes ITSJPN1-8 were referred to as 
CvicJPN, and those possessing either of the haplotypes ITSJPN9-10 as CkikJPN. 
 
Phylogenetic analyses: mt12S 
127 Japanese C. vicinus s.l. sequences were obtained, and assigned to 12 haplotypes (12SJPN1 




haplotypes 12SJPN9-12SJPN12 represented CvicJPN. Thus, none of the 12 haplotypes was 
shared between CvicJPN and CkikJPN, even in the same water bodies (Table 1.1). The 
haplotypes 12SJPN1-12SJPN12 were also strongly differentiated from those of European 
Cyclops species, apart from C. vicinus and C. kikuchii.  
The mt12S haplotypes of CvicJPN were very similar to those of European C. vicinus 
(Fig. 1.1). The average K2P sequence differentiation between the two types was only 0.024 
(Table 1.2). In contrast, the mt12S haplotypes of CkikJPN were strongly differentiated from 
those of European C. kikuchii, and the sequence differentiation between the two types reached 
0.126, which was close to the lowest level of interspecific differentiations in Table 1.2 (0.144 
between CvicJPN and CkikJPN). 
 
Morphological analyses with our specimens 
In both adult males and females, the body length of CvicJPN was larger than that of CkikJPN 
(Table 1.3), and the lengths of terminal furcal setae and furcal branch varied with body length 
(Fig. S1.1). The relative length of Ti to body length and that to the length of furca was shorter 
in CkikJPN than CvicJPN (Table 1.3 and Fig. 1.2). The regression residuals (right panels in 
Fig. 1.2) indicated that such short-Ti-tendency in CkikJPN compared with CvicJPN was kept 
even when the body-size difference between CkikJPN and CvicJPN was considered, because 
regression residuals were largely negative in CkikJPN while mainly positive in CvicJPN. 
 As for the length ratios of terminal furcal setae, Te/Ti and Tmi/Ti (Table 1.3), the 
average values were larger in CkikJPN than CvicJPN, and the differences were statistically 
significant except for the female Te/Ti, in which the difference was marginally significant. 
These results mean that CkikJPN had relatively short Ti (the denominator of the ratio) 
compared with CvicJPN. 
In QDA to morphologically distinguish between CvicJPN and CkikJPN, the 
combinations of Te/Ti and Tmi/Ti, Furca/Ti and Tmi/Ti, and body length and Tmi/Ti (Fig. 1.3) 
had the overall accuracy of 92-97%, which were relatively high compared with other 
combinations (see Table 1.S.2).  
 
Spatial distributions of CvicJPN and CkikJPN in Japan 
Both CvicJPN and CkikJPN were found throughout Japan (Fig. 1.4) and neither was rare in 




less frequently found than CvicJPN, but the spatial distribution of CkikJPN did not follow any 
specific pattern related to altitude, latitude or otherwise (Table 1.1). 
 
QDA for drawings in recent Japanese literatures 
QDA with the morphometric characteristics was applied to the drawings of “C. kikuchii” in 
Ishida (2002, Figs. 19a and 19b) and it was found that, although his Fig. 19b (a female from 
Lake Biwa) matched with CkikJPN, his Fig. 19a (a female from a pond in Tokyo) should be 
treated as CvicJPN (Table 1.4). Similarly, with QDA, it was also found that the drawing 
demonstrating “C. vicinus” in Kawabata and Defaye (1994, Figs. 3A and 3D) and Ueda et al. 
(1997, Figs. 1, 3, 16, and 17) accorded well with CvicJPN. 
 
Discussion 
Japanese C. vicinus s.l. includes two species  
Phylogenetic analyses of Japanese C. vicinus s.l. used both nuclear and mitochondrial genes. 
The nuclear ITS-1 phylogenetic tree separated our Japanese specimens into two clusters, which 
are assigned to CvicJPN and CkikJPN, and their DNA sequences were highly similar to 
European C. vicinus and C. kikuchii, respectively, in previous studies (Hołyńska and 
Wyngaard, 2019; Krajíček et al., 2016). Our mt12S sequencing revealed that CvicJPN and 
CkikJPN did not share any identical mt12S haplotypes, even in localities where CvicJPN and 
CkikJPN co-occurred. These results indicated the absence of gene flow between CvicJPN and 
CkikJPN. Moreover, the level of sequence differentiation between CvicJPN and CkikJPN was 
at the interspecific level in both ITS-1 and mt12S analyses. It is concluded that Japanese C. 
vicinus s.l. consists of two species, and that CvicJPN and CkikJPN are C. vicinus and C. 
kikuchii, respectively. 
 CkikJPN had relatively short Ti compared with that of CvicJPN. Previous studies 
describe that, in comparison with C. vicinus, C. kikuchii is characterized by a short Ti (our 
sense) relative to the total body length, the length of the furcal branch, or to the length of Te 
(our sense) (Blędzki and Rybak, 2016; Einsle, 1994, 1996; Rylov, 1948). The differences in 
morphometric characteristics between CvicJPN and CkikJPN are well agreed with those 
between C. vicinus and C. kikuchii in these previous studies. This indicates that the interspecific 
morphological differentiation between the two species is not notably different between 




In the present study, C. kikuchii and C. vicinus were distributed throughout Japan, and 
neither species was rare. In both species, adult individuals occurred as a planktonic form in 
autumn, winter and spring (Table 1.1). The sampling was conducted in midsummer (July-
September) as well, and about 200 lakes/ponds surveyed in midsummer were included in our 
previous studies (e.g., Lakatos et al., 2015; Makino et al., 2018, 2020; Yamamoto et al., 2020). 
However, no Cyclops were found from these mid-summer cases with one exception in Kizaki 
(Table 1.1). These results indicate the cold-water dependence of C. kikuchii and C. vicinus. In 
the case of Lake Kizaki, the lake was thermally stratified on the sampling date (Fig. 1.S.3), and 
the sample collection was made with a vertical haul of a plankton net from the bottom to the 
surface of the lake. Thus, it was most likely that C. kikuchii was collected from the cool 
hypolimnion, as has been observed in the other Japanese Cyclops species in Lake Toya 
(Makino et al., 2003). Apart from the apparent cold-temperature dependence in both species, 
no preference related to environmental conditions was found. 
 
Difference in the genetic divergence between Japanese and European populations  
The present study confirmed that the closely related Cyclops species, C. vicinus and C. kikuchii, 
inhabit Japan and are distributed broadly across the Eurasian Continent as shown in previous 
studies (Hołyńska and Wyngaard, 2019; Krajíček et al., 2016). The mt12S data indicated that 
haplotypes of C. vicinus were very similar between the European and Japanese populations 
whereas in C. kikuchii those were strongly differentiated. In C. kikuchii, the sequence 
differentiation between the two populations was close to the lowest level of interspecific 
differentiation in the present study. This implies that the genetic divergence within a species 
varies between species even if they are closely related and have similar geographic ranges. This 
study is the first case to show such a phenomenon in freshwater copepods.  
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Fig. 1.1. The maximum likelihood phylogenetic relationships based on ITS-1 (left) and mt12S (right) sequences between the European and 
Japanese Cyclops spp. The sequences with the label “ITSJP-” or “12SJP-” represent haplotypes obtained from Japanese specimens. The 






Fig. 1.2. Comparisons of Ti’s relative length to body length (upper panels) or to furca length (lower panels) between CkikJPN and CvicJPN. In 
each panel, the regression line from all data points is shown in a solid line. In the boxplot showing the distribution of regression residuals, the 
upper and lower ends of the box represent the upper and lower quartiles, respectively, and the thick horizontal line in the box represents the 






Fig. 1.3. Combinations of the morphometric characteristics that were useful to distinguish between CkikJPN and CvicJPN. For the detailed 






















Table 1.1. List of sampling localities in Japan ordered from north to south by latitude. In some localities, samplings were done in mid-summer (July-September) 
[L15, Lakatos et al. (2015); M18, Makino et al. (2018); M20, Makino et al. (2020)] but no Cyclops were found.  











Asahikawa Man-made pond Hokkaido 43.742 142.543 193 0.02 20.04.2008 CkikJPN & 
CvicJPN 
Nakajima park Man-made pond Hokkaido 43.046 141.353 30 2.19 12.10.2008 CkikJPN & 
CvicJPN 
Midorigaoka park Man-made pond Hokkaido 42.906 143.187 49 0.7 02.05.2009 CkikJPN 
Furukawa numa Man-made pond Hokkaido 42.798 141.842 35 3.46 02.05.2009 CvicJPN 
Kumazawa tameike L15, 
M18 
Man-made pond Aomori 40.719 140.549 20 6.27 20.03.2009 CkikJPN & 
CvicJPN 
Hokuo no mori L15, M20 Man-made pond Akita 40.166 140.352 67 1.47 05.05.2009 CvicJPN 
Tazawa oonuma L15, M18 Natural pond Akita 39.637 140.608 82 10.4 09.11.2007 CkikJPN 
Umagai tsutsumi M18 Man-made pond Iwate 39.222 141.154 75 1.56 14.02.2009 CvicJPN 
Sendai ootsutsumi Man-made pond Miyagi 38.34 140.854 57 1.04 22.10.2004 CvicJPN 
Katagai numa Natural pond Yamagata 38.161 140.423 1335 0.52 11.06.2006 CkikJPN 
Hamazugaike Man-made pond Nagano 36.749 138.339 393 2.31 23.11.2007 CvicJPN 
Taya Man-made pond Ibaraki 36.409 140.400 48 0.19 24.10.2007 CkikJPN & 
CvicJPN 
Ranzan Man-made pond Saitama 36.108 139.299 73 0.15 12.04.2008 CkikJPN & 
CvicJPN 
Washimi Man-made pond Gifu 35.974 136.911 874 2.09 24.11.2007 CkikJPN 
Mineyama Man-made pond Kyoto 35.595 135.074 50 1.29 18.03.2012 CvicJPN 
Kuchihora Man-made pond Gifu 35.741 136.996 535 0.56 24.11.2007 CvicJPN 
Kizaki Natural lake Nagano 36.559 137.838 760 140 12.09.2011 CkikJPN 
Momomachi Man-made pond Hyogo 34.96 134.784 115 0.31 21.03.2008, 
16.03.2019 
CvicJPN 
Fudomaru L15, M18, M20 Man-made pond Shizuoka 34.734 138.039 43 0.51 23.02.2008 CvicJPN 
Seiyo Iwaki Man-made pond Ehime 33.398 132.474 223 1.57 19.03.2008 CvicJPN 
Haki Man-made pond Oita 33.366 130.803 55 0.26 15.03.2008 CvicJPN 




































Table 1.2. Genetic diversity, assessed by Kimura's (1980) two-parameter distance within/between CkikJPN, CvicJPN, European C. 
kikuchii and C. vicinus.  
  
ITS-1 
        
mt12S 
Lineages 1 2 3 4 
  
1 2 3 4 
1, CkikJPN 0.002 
        
0.013 
      
2, CvicJPN 0.032 0.007 
   
0.144 0.008 
  
3, C. kikuchii in Europe 0.003 0.034 0.003 
    
0.126 0.174 0.008 
  
4, C. vicinus in Europe 0.033 0.007 0.032 0.001 
  




Table 1.3. Comparisons on morphometric characteristics between CkikJPN and CvicJPN. SD and df denote the standard deviation and the 
degree of freedom, respectively.  
    Females           Males         
    
Welch 
t-test        
Welch 




Average SD t df P   Average SD t df P 
Body length 
(BL, µm) 
CkikJPN 1556 148 4.67 71.72 <0.001**   1040 106 -4.75 21.43 <0.001** 
 
CvicJPN 1772 255 
    
1276 189 
   
Ti/BL CkikJPN 0.17 0.03 -5.47 47.82 <0.001**   0.13 0.03 -9.55 24.16 <0.001** 
 
CvicJPN 0.22 0.03 
    
0.22 0.03 
   
Ti/Furca CkikJPN 0.98 0.11 -3.69 48.13 <0.001*   0.89 0.14 -9.49 22.16 <0.001** 
 
CvicJPN 1.08 0.11 
    
1.28 0.13 
   
Te/Ti CkikJPN 0.52 0.04 -1.79 11.98 0.099   0.49 0.07 -5.58 16.93 <0.001** 
 
CvicJPN 0.44 0.05 
    
0.38 0.04 
   
Tmi/Ti CkikJPN 2.00 0.21 -7.01 10.38 <0.001**   2.29 0.31 -7.01 10.38 <0.001** 
  CvicJPN 1.54 0.11         1.54 0.15       
*) significant after Bonferroni correction at alpha = 0.01 level         









Table 1.4. Morphological characteristics of Japanese C. vicinus s.l. shown in the drawings of recent Japanese literatures, and the results of 
QDA on the drawings. 
 n/a denotes not available.  
       
QDA on the literature data      




Sex Source and identity 1, Body 
length (µm) 




  Combination CkikJPN CvicJPN Decision 
Female Fig. 19a in Ishida (2002), 1603 0.431 1.608 0.981   1 and 3 0.099 0.901 CvicJPN  
C. kikuchii 
     
2 and 3 0.004 0.996 CvicJPN 
              3 and 4 0.055 0.945 CvicJPN  
Fig. 19b in Ishida (2002), 1447 0.373 2.874 1.072 
 
1 and 3 >0.999 <0.001 CkikJPN  
  C. kikuchii           2 and 3 >0.999 <0.001 CkikJPN         
3 and 4 >0.999 <0.001 CkikJPN 
  Fig. 3A in Kawabata & Defaye 
(1994), 
n/a 0.391 1.600 0.963   1 and 3 n/a n/a - 
 
C. vicinus 
     
2 and 3 <0.001 >0.999 CvicJPN 
              3 and 4 0.029 0.971 CvicJPN  
Figs. 1 & 3 in Ueda et al. (1997), 2052 0.435 1.600 1.072 
 
1 and 3 0.001 0.999 CvicJPN 
  C. vicinus           2 and 3 0.004 0.996 CvicJPN        
3 and 4 0.038 0.962 CvicJPN 
Male Fig. 3D in Kawabata & Defaye 
(1994), 
n/a 0.408 1.616 0.810   1 and 3 n/a  n/a - 
 
C. vicinus 
     
2 and 3 0.009 0.991 CvicJPN 
              3 and 4 0.001 0.999 CvicJPN  
Figs. 16 & 17 in Ueda et al. (1997), 1389 0.364 n/a 0.691 
 
1 and 3 n/a  n/a - 
  C. vicinus           2 and 3 n/a  n/a -        
3 and 4 n/a  n/a - 











Fig. 1.S.1. Relationships between body length and the length of Te, Tmi, Ti, and furca in 



































































































Fig. 1.S.2. Typical examples of female Cyclops kikuchii (upper, isolate 2011-6_2F from Lake 
Kizaki, Nagano Prefecture) and female Cyclops vicinus (lower, isolate 2004-3_1F from 







Fig. 1.S.3. Vertical profile of water temperature at the deepest point of Lake Kizaki on the 







































Table 1.S.1. List of gene-specific primers used in PCR reactions. 
Molecular marker Primer Sequence Reference 
12S 
 L13337-12S   5'-YCTACTWTGYTACGACTTATCTC-3’ 
Machida et al. (2004) 
 H13845-12S  5'-GTGCCAGCAGCTGCGGTTA-3' 
ITS-1 
 SP-1-5′138  5′-CACACCGCCCGTCGCTACTA-3′ 
Chu et al. (2001) 
 SP-1-3′   5′-ATTTAGCTGCGGTCTTCATC-3′ 
Chu, K.H., Li, C.P., and Ho, H.Y. (2001) The first internal transcribed spacer (ITS-1) of ribosomal DNA as a molecular 
marker for phylogenetic and population analyses in crustacea. Mar. Biotechnol., 3, 355–361. 
Machida, R.J., Miya, M.U., Nishida, M. and Nishida, S. (2004) Large-scale gene rearrangements in the mitochondrial 
genomes of two calanoid copepods Eucalanus bungii and Neocalanus cristatus (Crustacea), with notes on new 






Table 1.S.2. Quadratic discriminant analysis results based on different morphometric combinations. 
(BL, 1; Te/Ti, 2; Tmi/Ti, 3; Furca/Ti, 4) 
Sex, number of 
individuals 
Combination Result of molecular 
identification  
Predicted identity by QDA  Accuracy in each 
species 
QDA overall 
accuracy CkikJPN CvicJPN 
Female (76) 1-2 CkikJPN 20 5 80% 91% 
CvicJPN 2 49 96% 
1-3 CkikJPN 23 2 92% 93% 
CvicJPN 3 48 94 % 
1-4 CkikJPN 17 8 68% 82% 
CvicJPN 6 45 88% 
2-3 CkikJPN 22 3 88% 92% 
CvicJPN 3 48 94% 
2-4 CkikJPN 18 7 72% 84% 
CvicJPN 5 46 90% 
3-4 CkikJPN 22 3 88% 92% 
CvicJPN 3 48 94% 
Male (61) 1-2 CkikJPN 11 4 73% 93% 
CvicJPN 0 46 100% 
1-3 CkikJPN 14 1 93% 97% 
CvicJPN 1 45 98% 
1-4 CkikJPN 13 2 87% 93% 
CvicJPN 2 44 96% 
2-3 CkikJPN 14 1 93% 95% 
CvicJPN 2 44 96% 
2-4 CkikJPN 13 2 87% 93% 
CvicJPN 2 44 96% 
3-4 CkikJPN 15 0 100% 97% 
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Cyclops vicinus Uljanin, 1875 and C. kikuchii Smirnov, 1932 are two cyclopoid copepod 
species that are known to have a wide range of distribution, as they have been recorded from 
both sides of the Eurasian Continent, i.e., Europe and East Asia (Smirnov, 1932; Rylov, 1948; 
Einsle, 1996; Mizuno and Takahashi, 2000; Chang and Kim, 1986; Chang, 2009). In terms of 
phylogeny, these two species are the closest relatives among the genus Cyclops (Krajíček et 
al., 2016; Hołyńska and Wyngaard, 2019). Their life cycles also appear to be similar: in most 
cases, both C. vicinus and C. kikuchii occur as plankton in autumn-winter and enter the 
diapause phase in the sediment prior to summer (Rylov, 1948; Santer and van den Bosch, 1994; 
Einsle, 1996; Blędzki and Rybak, 2016; Sioud et al., 2021). However, the patterns of their 
spatial distribution are not similar, as it has been documented in Europe, the geographic range 
is broader in C. vicinus (widely distributed in Europe) than in C. kikuchii (limited distribution 
in central Europe) (Einsle, 1996; Blędzki and Rybak, 2016). To date, reasons why the two 
closely related species show such differences in spatial distributions are unclear. This situation 
comes partially because C. kikuchii is poorly studied in comparison with C. vicinus (see 
Blędzki and Rybak, 2016). 
 The two species are distributed in Japan Islands (Sioud et al., 2021). In old Japanese 
literature, C. vicinus was frequently reported with few exceptional mentions of C. kikuchii. 
However, using molecular analysis of mitochondrial 12S rRNA gene (mt12S) and nuclear 
internal transcribed spacer 1 (ITS-1) as well as the species’ morphological characteristics, 
Sioud et al. (2021) revealed that C. vicinus s.l. in older Japanese literature erroneously mix up 
the two biologically different species C. vicinus and C. kikuchii. That conclusive delimitation 
of Japanese C. vicinus and C. kikuchii makes previous studies on their ecological 
characteristics, such as spatial distributions and life cycles (e.g., Kawabata,1989; Kobari and 
Ban, 1998) questionable. Sioud et al. (2021) found both species in the broad range of Japan, 
and the occurrence data collectively showed that both species emerge as plankton from autumn 
to late spring. It was also found that the two species co-occur in the same water body in several 
localities. However, the study did not describe the patterns of the species’ distribution nor their 
distinctive ecological preferences, if there is any. 
 The present study has two principal objectives. First, to understand precisely the spatial 
distributions of C. vicinus and C. kikuchii in Japan, I examine the appearance frequencies of 
the two species in samples collected across the archipelago. Second, using these data, I examine 
phylogeographic patterns and their dispersal process in the past. 
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Material and methods 
Sampling  
The samples used in the present study have been collected between 2004 and 2014 throughout 
the Japanese archipelago stretching from 30°N to 45°N. Most samples were collected with a 
conical plankton net (mesh size, 0.1 mm), immediately fixed with ethanol (final concentration, 
95-99%), and kept in a cool box. Once in the laboratory, ethanol-preserved samples were stored 
at 4-6 ºC after a quick inspection of the species composition under a stereomicroscope. At the 
time of this quick inspection, the presence/absence of “C. vicinus/kikuchii” was recorded 
without an in-depth species identification. Then, I selected 84 lakes/ponds that contained “C. 
vicinus/kikuchii” from the entire sampling range (Fig. 2.S.1). As a result, a total of 471 “C. 
vicinus/kikuchii” individuals (Table 2.S.1) were analyzed. The identification of the specimens 
was based on the molecular analysis using the mitochondrial cytochrome c oxidase subunit I 
(mtCOI) sequences. 
 
DNA extraction, amplification, and sequencing 
DNA was extracted individually (1 to 10 individuals from each locality) using either the Sigma 
GenElute mammalian genomic DNA miniprep kit according to the manufacturer’s protocol or 
in a 50 μl Quick Extract solution according to the manufacturer’s protocols, except that it was 
prolonged to 6 h at 65 °C.  
Since preliminary analyses revealed that, in C. vicinus and C. kikuchii, the degree of 
sequence differentiation was larger in mtCOI Folmer fragment (Folmer et al., 1994; Hebert et 
al., 2003b) than the mitochondrial 12S rDNA fragment used in our previous study (Sioud et 
al., 2021), I decided to use the mtCOI Folmer fragment, with the premise that it could be better 
than mt12S in detecting population genetic structures. A fragment of the mitochondrial COI 
gene was amplified and sequenced using the primers LCO1490 and HCO2198 (Folmer et al., 
1994) according to the protocol in Makino and Tanabe (2009). I manually examined, 
assembled, and edited all sequences using MEGA X (Kumar et al., 2018), and aligned them 
with MUSCLE (Edgar, 2004) to detect the different haplotypes. The obtained haplotypes have 
been deposited to the DNA Data Bank of Japan under the accession numbers LC604909-
LC604951. 
 
Phylogeny and Phylogeography 
To characterize the genealogical relationship between our samples, I re-constructed the 
phylogenetic tree from the mtCOI sequences using MEGA X with the maximum likelihood 
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(ML) method; ML tree’s nodal support values were obtained through ML analysis with 1000 
bootstrap pseudo-replicates. MEGA X was also used to test the significance of genetic 
differentiation through evolutionary divergence over mtCOI sequence pairs assessed by 
Kimura two-parameter (Kimura, 1980) distance with 1000 permutation within and between C. 
kikuchii and C. vicinus sequences. 
I utilized PopART 1.7 (Leigh et al., 2015) using the dataset of all haplotypes and the 
number of individuals belonging to each haplotype in each locality to build Minimum Spanning 
Networks (MSN) for C. vicinus and C. kikuchii; In the MSN, haplotypes connected within 5 
substitutions were arbitrarily treated as a genetic group, and the geographical distribution of 
such genetic groups were investigated to understand relationship between genetic diversity and 
other factors such as geographic scales (Weydmann et al., 2018). 
I also compared the frequency of private haplotypes between C. vicinus and C. kikuchii. 
Here I distinguished private haplotypes represented by single individuals from private 
haplotypes represented by 2 or more individuals restricted to one lake/pond. 
 
Genetic diversity, neutrality test, mismatch distribution and demographic history 
I used Arlequin 3.5.1.2 (Excoffier and Lischer, 2010) to compare the standard molecular 
diversity indices between C. kikuchii and C. vicinus based on the mtCOI dataset; that included: 
number of haplotypes, number of segregating sites, average number of pairwise differences, 
haplotype diversity as the probability that two randomly chosen haplotypes are different in the 
sample, and nucleotide diversity as the probability that two randomly chosen homologous 
(nucleotide) sites are different. In addition to evaluating the degree of deviation from neutral 
evolution and determining the presence or absence of natural selection, estimations of Tajima’s 
D (Tajima, 1989) and Fu’s Fs (Fu, 1997), and mismatch distribution analysis (Schneider and 
Excoffier, 1999) were also performed using Arlequin 3.5.1.2. These genetic analyses allow us 
to detect changes in population size, as both Tajima’s D, and Fu’s Fs statistical values are 
negative in populations that have experienced expansion, zero in populations with a constant 
size, and positive in populations that have decreased in size. The mismatch distribution analysis 
was conducted to examine if the observed distribution was significantly different from the 
simulated observation under the demographic expansion model as well as under the spatial 
expansion model which does not hypothesize past demographic expansion. In the analysis, an 
expanding population (in either model) generates frequency distributions that are smooth and 
have a single mode (Rogers and Harpending, 1992; Schneider and Excoffier, 1999; Excoffier, 
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2004). To perform these analyses, I divided our samples into hypothetical populations to 
represent the two species based on the phylogenetic tree results. 
 
Ecological characteristics of the two species 
To find evident ecological preferences, I compared habitats’ size and locations of the species 
in terms of latitude, altitude. I also performed Welch’s t-test for unequal variances (Ruxton, 
2006) to test whether the mean scores of these habitats were statistically significant between 




Fragments of the mtCOI were successfully generated for 471 “C. vicinus/kikuchii” individuals, 
339 of which were C. vicinus, and 132 were C. kikuchii. C. vicinus sequences were divided 
into 14 haplotypes, all clustered in one group, while C. kikuchii had 29 haplotypes clustered in 
two distinguishable groups, Ckik_a with 16 haplotypes and Ckik_b with 13 haplotypes (Fig. 
2.1).  
The estimated genetic divergence among mtCOI haplotypes indicated that K2P 
distance within each group (Ckik_a, Ckik_b and C. vicinus) was 0.02 or less. The K2P distance 
between the two groups of C. kikuchii (Ckik_a and Ckik_b) was 0.097, which was much 
smaller than the K2P distance with C. vicinus (approximately, 0.22) (Table 2.1). 
 
Spatial distribution 
The appearance of C. vicinus (60 localities) is more recurrent in comparison with C. kikuchii 
(35 localities), even when their co-occurrence (11 localities) is taken into account (Tables II, 
SI). Since our study has covered a wide latitudinal range of the Japanese islands, the species’ 
geographic distribution has been divided into three latitudinal ranges (Table 2.2). The highest 
recorded occurrence of C. kikuchii (49%) appeared in localities within the range of 45°N-40°N, 
which covers the northern part of Japan, represented by 17 localities, while the lowest 
percentage (11%) was in the range of 30°N-35°N, which covers the southern part of Japan. Out 
of all 35 localities where C. kikuchii appeared, only 4 lakes/ponds (Table 2.S.1) included 
specimens from Ckik_a and Ckik_b at the same time.  Conversely, C. vicinus was more 
prevalent in the latitudinal range of 40°N- 35°N, which is more biased towards the South, and 
least apparent in the latitudinal range of 40°N- 45°N. The 11 localities where C. kikuchii and 
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C. vicinus co-occurred were spread out from Hokkaido Island in the North to Kyushu Island in 
the South (Table 2.2). 
The boxplots showed that C. kikuchii covered a much wider latitudinal range than C. 
vicinus (Fig. 2.2). However, in terms of altitude and area of the species’ habitats, the differences 
were not noticeable neither between C. vicinus and C. kikuchii nor between Ckik_a and Ckik_b. 
According to Welch’s t-test, habitats’ latitude differed significantly between C. kikuchii and C. 
vicinus (P <0.001), while habitats’ altitude and size (surface area) did not (Table 2.3). 
 
Genetic diversity, neutrality test, mismatch distribution and demographic history 
The number of segregating sites and nucleotide diversity were similar among C. vicinus and 
the two groups of C. kikuchii (Table 2.4). As a result, these values of C. kikuchii as a whole 
were larger than C. vicinus. Haplotype diversity was at the same level between the entire 
population of C. kikuchii (Ckik_all), its two phylogenetic groups (Ckik_a and Ckik_b), and C. 
vicinus.  
When the occurrence of private haplotypes among the two species was compared, the 
number of private haplotypes was larger in C. kikuchii (Ckik_a and Ckik_b) than in C. vicinus, 
regardless of whether I considered the private haplotypes represented by single individuals (i.e. 
singletons) or not (i.e. accepting only private haplotypes defined by two or more individuals 
restricted to one water body). For singletons, the percentage of private haplotypes in C. vicinus 
was the lowest, followed by Ckik_a and Ckik_b, respectively. The same pertains to non-
singleton, where the proportions of private haplotypes were much higher for C. kikuchii 
(Ckik_a and Ckik_b) than they were for C. vicinus (Table 2.4). 
The mismatch distribution analysis for C. vicinus resulted in a multimodal pattern. No 
statistically significant difference was detected between the expansion model and the observed 
value confirmed by the sum of squared deviation (SSD), and Harpending's raggedness index 
(H) (Fig. 2.3). Both of Tajima’s D and Fu’Fs had positive values (Table 2.4). As for C. kikuchii, 
the mismatch distribution was generated for Ckik_a and Ckik_b separately, as well as the entire 
population (Ckik_all). The results showed that Ckik_a had a multimodal pattern, while Ckik_b 
was a bimodal pattern. In both cases, again, no statistically significant difference was detected 
between the expansion model and the observed distribution. The values of Tajima’s D were 
negative in both cases, however, they were not statistically significant. The values of Fu’s Fs 




The MSNs for mtCOI haplotypes differed in shape depending on the species; C. vicinus’ MSN 
did not have a star-like phylogeny (Fig. 2.4) and was composed of several major haplotypes, 
namely CvicJPNCOI01, CvicJPNCOI03 and CvicJPNCOI04 which occurred in localities all 
over the Japanese archipelago (also see Table 2.S.1). 
For C. kikuchii, the MSN included the two phylogenetic groups that appeared in the 
phylogenetic tree (i.e. Ckik_a and Ckik_b). Individuals of Ckik_a were found in a broad 
geographic range, stretching from Hokkaido Island in the North to Kyushu Island towards the 
South of Japan Islands (Fig. 2.5). Its MSN did not appear to have star-like shape either, and 
was rather complex in form; comprising of two relatively well-defined subgroups: Ckik_a1 
subgroup (including CkikJPNCOI11, which was obtained from multiple lakes/ponds in 
Honshu), and Ckik_a2 subgroup (CkikJPNCOI01 and CkikJPNCOI02) which was obtained 
from multiple lakes/ponds in Hokkaido, while many of the minor haplotypes belonging to 
Ckik_a were only obtained from one lake (see Table 2.S.1).  
In contrast, the MSN of Ckik_b group had a star-like structure with one central, highly 
abundant haplotype (CkikJPNCOI06) from which several haplotypes were separated by a few 
mutational steps (Fig. 2.5), and this haplotype (belonging to Ckik_b1 subgroup) occurred in a 
wide geographic range. The haplotypes belonging to Ckik_b group were all distributed in 
Honshu Island, except for Ckik_b2 subgroup (CkikJPNCOI03 and CkikJPNCOI21) which 
occurred only in Hokkaido.  
 
Discussion 
Present spatial distributions 
In a previous study, I confirmed that C. vicinus and C. kikuchii both exist in Japan Islands, 
though C. kikuchii was less frequently found than C. vicinus (Sioud et al., 2021) . The study 
also affirmed that the spatial distribution of C. kikuchii and C. vicinus did not follow any 
specific pattern along altitude and latitude. The results of the present study were comparatively 
much more demonstrative of the distribution by virtue of extensive samplings, which showed 
distinct latitudinal structures in both species; even when their occurrence zones overlapped: C. 
vicinus appeared more frequently in localities found in the southern part of Japan, while C. 
kikuchii seemed to occur more in the northern part of Japan. Based on these results, it could be 
hypothesized that C. vicinus is a spatially inferior competitor to C. kikuchii in the north, while 
in the south, the situation is reversed. 
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The early Japanese literature concerning the two congeners have predominantly 
reported the occurrence of C. vicinus; however, such identifications could be inaccurate due to 
the misunderstanding of diagnostic morphological characteristics separating C. vicinus and C. 
kikuchii (e.g. Ishida, 2002) and consequently, their misidentification (for details, see Sioud et 
al., 2021). Accordingly, many of the specimens reported as C. vicinus might have been C. 
kikuchii instead. Indeed, the present results showed that, although the frequency of appearance 
of C. vicinus is higher in southern Japan, that of C. kikuchii is higher in northern Japan. If I 
take the two aforementioned facts into consideration, it is likely that the odds of “C. vicinus” 
being rightly C. kikuchii are higher in reported specimens which were collected from the north. 
Since C. kikuchii occurred more frequently than C. vicinus in Hokkaido Island, care should be 
taken particularly when early literature from that area (e.g., Kobari and Ban, 1998) is 
considered.  
 
The population prehistory of Japanese C. vicinus and C. kikuchii 
Table 2.5 summarizes potential signs of past demographic expansion in Japanese C. vicinus 
and C. kikuchii. A past population expansion was suggested by limited numbers of parameters 
in each species. For example, in the phylogenetic group b of C. kikuchii (Ckik_b), the MSN 
was star-shaped with one central haplotype that occurred in many localities, suggesting recent 
population expansion (Avise, 2000). Nevertheless, a strong evidence observed in other studies 
(Aarbakke et al., 2014; Sromek et al., 2015) such that the values of all the specific parameters 
suggest a demographic expansion was not obtained in both species and in both phylogenetic 
groups of C. kikuchii. It is therefore considered that neither species in Japan have experienced 
demographic expansion after bottleneck events. 
 Based on the large genetic differentiation between the two phylogroups of C. kikuchii 
in Japan, one may suspect that they have come into secondary contact and that one phylogroup 
existed in Japan first, while the second came to Japan in a relatively more recent time from 
somewhere else in the Asian Continent. Note, however, that neither the number of segregating 
sites nor nucleotide diversity was very different between the two C. kikuchii phylogenetic 
groups. Assuming that nucleotide substitution rate was similar in both groups, it could be 
presumed that elapsed time since their arrival to Japan was more or less similar. In addition, 
the observed mismatch distribution did not statistically differ from the simulated distribution 
under the spatial expansion model in both C. kikuchii phylogroups as well as in the whole 
population. Therefore, the relatively large intraspecific genetic differentiation in C. kikuchii 
may have emerged within the Japanese Islands, which are marginal areas of Eurasia. To reach 
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solid conclusions on this issue, it is necessary to examine C. kikuchii samples collected from 
outside Japan. 
 
Differences in dispersal ability between C. vicinus and C. kikuchii  
In addition to differences in the degree of intraspecific genetic differentiation between C. 
vicinus and C. kikuchii, differences in the geographical distribution of their haplotypes are 
worthy of contemplation.  
 Since lakes and ponds are isolated habitats, C. vicinus and C. kikuchii have to disperse 
somehow in order to expand their distribution ranges. By examining the most geographically 
widespread haplotypes, I clearly recognized three of C. vicinus’ haplotypes that were prevalent 
across Japan (CvicJPNCOI01, CvicJPNCOI03, CvicJPNCOI06). These haplotypes must have 
been repeatedly colonized between adjacent water bodies (i.e., stepping-stone dispersal), 
resulting in their occurrence in the entire examined range. In contrast, such geographically 
widespread haplotypes did not exist in C. kikuchii: the most widespread one (CkikJPNCOI06) 
was distributed within the northern half of Honshu Island (from Lake Towada to Lake Kizaki). 
These contrasting results between C. vicinus and C. kikuchii prove that the realized range of 
dispersal is larger in the former species than in the latter. 
 The obtained data also demonstrated a higher percentage of private haplotypes for C. 
kikuchii in comparison with C. vicinus. Given that their natural habitat consists of separated 
water bodies, the emergence of the private haplotypes in question should have been random 
and their occurrence should have been restricted to their original respective locality of 
emergence. As it has been mentioned before, the period they have existed in the Japanese 
archipelago may be more or less similar, if a similar nucleotide substitution rate between the 
two species is assumed. Nonetheless, in Japan, private haplotypes were rarer in C. vicinus than 
in C. kikuchii, suggesting that an emerged private haplotype becomes a non-private one (thus, 
shared one) much more easily in C. vicinus than in C. kikuchii. This possibility implies that the 
frequency of effective dispersal between adjacent but different water bodies would be much 
higher in C. vicinus than in C. kikuchii. 
 As such, the present results suggest a stronger dispersal ability (in terms of both realized 
dispersal range and the frequency of successive dispersal) in C. vicinus than C. kikuchii. 
Therefore, it could also be assumed that C. kikuchii is fragmented into local populations with 
a restricted geographic range more easily than C. vicinus, despite the shared geographic range 
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between the two species; and this could be the reason behind the much greater intraspecific 
genetic divergence within C. kikuchii. In line with this, Sioud et al. (2021) showed that the 
degree of divergence in the mt12S between Japanese and European populations varied largely 
between the species, as it was nearly at the interspecific level in C. kikuchii, while it was at the 
intraspecific level in C. vicinus. Note that the mtCOI sequences of European C. vicinus are also 
very similar to those obtained in Japan (Fig. 2.1, species names other than C. vicinus such as 
C. strenuus and C. abyssorum could be due to the misidentification of C. vicinus specimens). 
Therefore, it is most likely that our finding that C. kikuchii is more easily-fragmented than C. 
vicinus may hold true, not only within Japan, but also in their entire geographical range, which 
should be tested in future studies including European specimens. 
 To elucidate specific reasons for the different dispersal ability of C. vicinus and C. 
kikuchii, in-depth studies comparing, e.g., the propagule pressure of a disperser, the structure 
of a recipient population, and the degree of local adaptation of a recipient population (Boileau 
et al., 1992; De Meester et al., 2002; King and Howeth, 2019) are required. Sioud et al. (2021) 
showed that the body size is larger in C. vicinus than C. kikuchii; and since body size is 
proportional to clutch size in cyclopoid copepods (Makino and Ban, 2000), which likely 
determines the number of propagules, differences in the body size might have some relevance 
to their different dispersal ability. In addition to such issues of autecology, anthropogenetic 
activities may have affected the distribution of these species as shown in other freshwater 
zooplankton species (Mergeay et al., 2005; Makino et al., 2010). Krajíček et al. (2016) stated 
that the molecular uniformity, in terms of mtCOI sequences, shown by European C. vicinus 
indicates the recent dispersions caused by man (translocation due to fish introductions and 
eutrophication), although they did not prove that it is the only mechanism producing the 
observed molecular uniformity of the species in Europe. Many of the habitats of C. vicinus and 
C. kikuchii in Japan are artificial irrigation/farm ponds, which are often eutrophic (Takamura, 
2012) and inhabited by many fish species, including human-introduced species (e.g., Maezono 
and Miyashita, 2003). Thus, both C. vicinus and C. kikuchii are under a heavy human influence 
in Japan, which implies that the relevance of human-induced dispersal to the observed 
differences in dispersal ability between C. vicinus and C. kikuchii may not be that relevant in 
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Fig. 2.1. Phylogenetic tree of C. vicinus (Cvic) and C. kikuchii (Ckik_a, Ckik_b) in Japan 
Islands using mtCOI haplotypes. LC215454 (Japan), KC627290 (Russia), MK329345 
(Poland), MK329346 (Poland), KY091176 (China) represent sequences mined from 
GeneBank. The phylogenetic tree was constructed using Maximum Likelihood method with 




Fig. 2.2 Comparison of habitats’ latitude, altitude and surface area  between C. vicinus and C. 
kikuchii (left panel) and Ckik_a and Ckik_b (right panel). The localities where the two species 
(C. vicinus and C. kikuchii) or the phylogenetic groups (Ckik_a and Ckik_b) co-occur are 
considered. The upper and lower ends of the box represent the quartiles, respectively. The 
median value is represented by the thick horizontal line. The horizontal lines outside the box 
represent the whiskers (minimum and maximum prespecified width of 1st and 3rd quartiles, 





Fig. 2.3. Results of the mismatch distribution analysis of C. vicinus and C. kikuchii (Ckik_a, 
Ckik_b, Ckik_all) under the demographic (left) and spatial (right) expansion model based on 
1000 replicates depicting observed, simulated, and 95% confidence interval (lower and upper 
bound) frequencies. SSD, H and P denote the sum of squared deviation Harpending’s 




Fig. 2.4. (a) Haplotype network and (b) geographical occurrence of C. vicinus in Japan Islands. 
Minimum spanning networks (MSN) for C. vicinus was based on mtCOI sequences. Each 
haplotype is represented by a circle whose size is proportional to the frequency of the haplotype 
in the entire sample. Different clusters of haplotypes (4 subgroups) are denoted by different 
colors. The black hatch marks represent mutations (a). The map illustrates C. vicinus 








Fig. 2.5. (a) Haplotype network and (b) geographical occurrence of C. kikuchii in Japan Islands. 
Minimum spanning network (MSN) for C. kikuchii’s mtCOI haplotypes was divided into two 
phylogenetic groups (Ckik_a; Ckik_b); each haplotype is represented by a circle whose size is 
proportional to the frequency of the haplotype in the entire sample. Different clusters of 
haplotypes (10 subgroups) are denoted by different colors. The black hatch marks represent 
mutations (a). The map illustrates the occurrence of Ckik subgroups in different localities 


















Table 2.1. Estimates of evolutionary divergence over mtCOI sequence pairs assessed by 
Kimura's (1980) two-parameter distance within and between the Japanese lineages. Ckik_a 
and Ckik_b represent the phylogroups of C. kikuchii, and Cvic represents C. vicinus.  
  Ckik_a Ckik _b Cvic 
 Ckik_a 0.017     
 Ckik_b 0.097 0.015   





Table 2.2. Contrasting latitudinal gradients in the geographical distributions of C. kikuchii 
and C. vicinus. 
  No. of localities (N=84) where…   
 Latitude C. kikuchii occurred (N=35) C. vicinus occurred (N=60) (co-occurred) 
 30° N-35° N 4 (11%) 23 (38%) (2) 
 35° N-40° N 14 (40%) 31 (52%) (4) 





Table 2.3. Results of Welch’s t-test examining differences in the habitats’ characteristics 
(latitude, altitude and surface area of lakes) between C. vicinus and C. kikuchii, and between 




 t  df   P  
 Latitude  
 C. vicinus;  
C. kikuchii  
-5.115 59 <0.001 
   Ckik_a; Ckik_b  1.506 32 0.142 
 Altitude  
 C. vicinus;  
C. kikuchii  
-1.386 54 0.171 
   Ckik_a; Ckik_b  -1.298 25 0.206 
 Area  
 C. vicinus;  
C. kikuchii  
0.275 89 0.784 




Table 2.4. Summary of genetic characteristics in terms of mtCOI and the result of 
neutrality tests in C. kikuchii and C. vicinus. 
  




Group all a b  
Number of sequenced 
samples 
132 55 77 339 
Number of haplotypes  29 16 13 14 
Number of private 
haplotypes including 
singletons, % in 
parenthesis 
23 (79) 10 (77) 13 (81) 5 (36) 
Number of private 
haplotypes excluding 
singletons, % in 
parenthesis 
11 (38) 6 (46) 5 (31) 1 (7) 
Haplotype diversity 








Segregating sites 92 48 36 35 



















Tajima’s D 2.542 -1.153 -1.263 0.135 
Probability of simulated D 
< observed D 
0.993 0.112 0.074 0.624 
Fu's Fs 13.368 10.614 0.436 5.574 
Probability of simulated Fs 
<= observed Fs 
0.974 0.959 0.603 0.91 
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Table 2.5. Signs of past demographic expansion (in bold font) of C. kikuchii and C. vicinus in 
Japan Islands. 
 C. kikuchii   C. vicinus 
Result supporting past demographic expansion all a b  
Typical star-like phylogeny No No Yes No 
Unimodal mismatch distribution No No No No 
Statistically significant departure from simulated 
mismatch distribution under demographic 
expansion model 
Yes No ! No 
(Statistically significant departure from simulated 
mismatch distribution under spatial expansion 
model)# 
(No) (No) (No) (No) 
Negative Tajima's D value No YesIS YesIS No 
Negative Fu's Fs value No No No No 
!... could not judge because the simulation of mismatch distribution did not converge 
#... if it is No, the observed pattern of mismatch distribution can also be explained without 
demographic expansion 








Fig. 2.S.1. Map of C. vicinus and C. kikuchii sampling localities throughout Japan. 
 59 
Table 2.S.1. List of all samples of C. vicinus and C. kikuchii used in the analyses. The table includes the names of sampling localities, sampling 
dates, latitude, longitude, altitude, area, number of individuals from each locality (N), mtCOI haplotypes and the number of individuals belonging 
to each mtCOI haplotype.  










N mtCOI haplotypes 
        
a pond in Nayoro Park Hokkaido 2008.04.19 44.344 142.469 103 0.81 2 CkikJPNCOI02 (2) 
a pond in Toma Hokkaido 2009.05.03 43.835 142.537 185 0.09 3 CkikJPNCOI01 (3) 
Daini chosuichi Hokkaido 2009.05.03 43.772 142.519 177 1.78 4 CkikJPNCOI01 (4) 
a pond in Asahikawa Hokkaido 2008.04.20 43.742 142.544 195 0.02 1 CvicJPNCOI03 (1) 
a pond in Minenobu 
Park 
Hokkaido 2008.04.19 43.256 141.813 31 4.4 4 CkikJPNCOI02 (4) 
a pond in Ishikari 
Tobetsu  
Hokkaido 2008.10.12 43.244 141.435 22 0.14 6 CvicJPNCOI03 (5), 
CvicJPNCOI14 (1) 
Yoichi Kamonuma Hokkaido 2009.05.04 43.180 140.791 1 0.36 2 CkikJPNCOI01 (2) 
a pond in Tomamu Hokkaido 2009.05.03 43.051 142.612 558 0.51 3 CkikJPNCOI02 (2), 
CkikJPNCOI01 (1) 
a pond in Nakajima 
Park 
Hokkaido 2008.10.12 43.046 141.353 30 2.19 8 CvicJPNCOI03 (8) 
a pond in Midorigaoka 
Park 
Hokkaido 2009.05.02 42.906 143.188 47 0.7 4 CkikJPNCOI04 (4) 
Furukawanuma Hokkaido 2009.05.02 42.798 141.841 35 3.46 10 CkikJPNCOI02 (4), 
CvicJPNCOI03 (5), 
CvicJPNCOI05 (1) 
Porotoko Hokkaido 2008.04.19 42.563 141.364 6 31 2 CkikJPNCOI01 (2) 
a pond in Kitahiyama Hokkaido 2009.05.04 42.409 139.854 1 0.09 5 CkikJPNCOI03 (4), 
CkikJPNCOI21 (1) 
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Oshima Onuma Hokkaido 2008.04.19 41.985 140.674 134 530 1 CkikJPNCOI01 (1) 
Hachironuma Hokkaido 2008.04.19 41.889 140.615 100 2.33 5 CkikJPNCOI01 (3), 
CkikJPNCOI11 (1), 
CkikJPNCOI20 (1) 
Kumazawa tameike Aomori 2009.03.20 40.719 140.549 20 6.27 9 CvicJPNCOI01 (5), 
CkikJPNCOI05 (3), 
CkikJPNCOI11 (1) 
Towadako Aomori/Akita 2005.04.24 40.447 140.89 400 6153 6 CkikJPNCOI06 (4), 
CkikJPNCOI07 (2) 
a pond in Hokuo no 
mori 
Akita 2009.05.05 40.166 140.353 67 1.47 9 CkikJPNCOI06 (3), 
CvicJPNCOI03 (6) 
Tazawa Onuma Akita 2007.11.09 39.637 140.608 90 10.4 2 CkikJPNCOI22 (1), 
CkikJPNCOI23 (1) 




a pond in Heian Akita 2007.11.09 39.366 140.551 60 3.05 6 CvicJPNCOI01 (6) 
Umagaitsutsumi 
tameike 
Iwate 2009.02.14 39.222 141.154 75 1.56 6 CvicJPNCOI01 (5), 
CvicJPNCOI09 (1) 
Koyanotsutumi Iwate 2009.02.14 39.192 141.072 85 2.34 6 CvicJPNCOI01 (6) 
Haguro Osawa 
tameike 
Yamagata 2005.06.25 38.688 139.928 135 2.46 2 CkikJPNCOI06 (1), 
CkikJPNCOI19 (1) 
Kejyonuma Miyagi 2009.02.14 38.628 140.964 40 32 5 CvicJPNCOI06 (5) 
a pond in Murayama Yamagata 2004.10.11 38.543 140.368 75 4.48 4 CkikJPNCOI06 (4) 




Miyagi 2004.10.22 38.340 140.854 60 1.04 7 CkikJPNCOI06 (2), 
CvicJPNCOI02(5) 
Adachi shimonuma Miyagi 2006.04.11 38.258 140.818 85 0.28 6 CvicJPNCOI03 (6) 
Adachi kaminuma Miyagi 2006.04.11 38.257 140.818 95 0.1 6 CkikJPNCOI06 (5), 
CkikJPNCOI07 (1) 
Hataya Onuma Yamagata  2007.11.02 38.244 140.204 555 17 5 CkikJPNCOI06 (5) 




Niigata 2007.11.17 37.769 139.257 25 0.85 6 CvicJPNCOI09 (6) 




Fukushima 2007.11.17 37.584 139.749 245 0.65 6 CvicJPNCOI03 (5), 
CvicJPNCOI09 (1) 
Shirakawa Nanko Fukushima 2012.03.04 37.416 140.22 363 15 6 CvicJPNCOI01 (2), 
CvicJPNCOI02 (2), 
CvicJPNCOI06 (2) 
Kamiyuhaseike Fukushima 2005.05.01 37.109 140.839 25 0.63 6 CvicJPNCOI04 (2), 
CvicJPNCOI06 (4) 
Hanedanuma Tochigi 2012.03.04 37.004 140.082 228 2.85 6 CvicJPNCOI04 (5), 
CvicJPNCOI02 (1) 
Hamazugaike Nagano 2007.11.23 36.911 138.339 385 2.31 6 CvicJPNCOI04 (4), 
CvicJPNCOI06 (2) 
Watauchi ike Toyama 2007.12.12 36.749 137.092 50 2.16 6 CvicJPNCOI03 (5), 
CvicJPNCOI07 (1) 
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a pond close to Tano 
Parking area 





Sengan numa Gunma 2008.04.12 36.410 139.163 156 3.54 6 CvicJPNCOI02 (1), 
CvicJPNCOI07 (5) 
a pond in Ranzan Saitama 2008.04.12 36.408 139.299 75 0.15 10 CkikJPNCOI10 (7), 
CvicJPNCOI03 (1), 
CvicJPNCOI06 (2) 
a pond close to Okaya 
IC 
Nagano 2007.11.24 36.108 138.038 845 0.27 6 CvicJPNCOI03 (6) 
Kasumigaura Ibaraki 2014.11.12 36.085 140.404 0 17200 4 CvicJPNCOI08 (4
） 
a pond in Washimi Gifu 2007.11.24 36.036 136.911 865 2.09 6 CkikJPNCOI09 (6) 
a pond in Kuchihora Gifu 2007.11.24 35.974 136.997 535 0.56 6 CvicJPNCOI03 (5), 
CvicJPNCOI06 (1) 
Komagane Onuma Nagano 2007.11.24 35.741 137.893 870 1.59 6 CvicJPNCOI03 (6) 
Shinobazuike Tokyo 2007.12.03 35.738 139.77 14 2.29 6 CvicJPNCOI08 (5), 
CvicJPNCOI11 (1) 
a pond in Mineyama Kyoto 2012.03.18 35.711 135.074 50 1.29 6 CvicJPNCOI01 (3), 
CvicJPNCOI03 (3) 
a pond in Nawa Tottori 2008.03.21 35.595 133.447 23 0.79 6 CvicJPNCOI04 (6) 
Shojinko Yamanashi 2007.12.03 35.487 138.615 906 50 6 CvicJPNCOI04 (4), 
CvicJPNCOI05 (2) 
a pond in Wakasa 
(kuramitoge) 
Fukui 2012.03.18 35.486 135.902 108 0.76 6 CvicJPNCOI03 (6) 
Furuichi Oike Tottori 2008.03.21 35.485 133.339 25 1.42 6 CvicJPNCOI05 (6) 
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a pond in Mobara Chiba 2007.11.08 35.391 140.302 26 1.49 6 CvicJPNCOI05 (2), 
CvicJPNCOI06 (2), 
CvicJPNCOI08 (2) 
a pond in Otsu Shiga 2012.03.18 35.387 135.907 119.7 0.52 6 CkikJPNCOI28 (3), 
CkikJPNCOI29 (2), 
CvicJPNCOI04 (1) 
a pond near JA 
Maniwa 
Okayama 2008.03.21 35.136 133.812 210 1.84 6 CvicJPNCOI03 (6) 
Jyunisaki tameike Niigata 2007.11.17 35.067 138.655 45 0.9 6 CvicJPNCOI03 (4), 
CvicCOIJPN06 (2) 
Funakoshitsutumi Shizuoka 2008.02.23 36.559 138.468 30 0.54 6 CvicJPNCOI10 (6) 
Obaraike Okayama 2006.06.01 34.998 133.973 225 3.21 6 CkikJPNCOI08 (5), 
CkikJPNCOI25 (1) 
Kizaki  Nagano 2011.09.12 34.968 137.838 760 140 6 CkikJPNCOI26 (4), 
CkikJPNCOI06 (2) 




a pond in Tessei Okayama 2008.03.22 34.927 133.333 394 0.27 4 CkikJPNCOI15 (4) 
Suzuka Osawaike Mie 2008.02.24 34.911 136.519 60 3.42 5 CvicJPNCOI01 (4), 
CvicJPNCOI02 (1) 
a pond in Miyoshi Hiroshima 2008.03.22 34.798 132.856 185 0.66 6 CvicJPNCOI04 (1), 
CvicJPNCOI05 (5) 
Mizogasawa ike Hyogo 2006.05.31 34.739 134.926 55 13.7 3 CvicJPNCOI04 (2), 
CvicJPNCOI02 (1) 
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Fudomaru Shizuoka 2008.02.23 34.734 138.039 45 0.51 6 CvicJPNCOI04 (2), 
CvicJPNCOI05 (3), 
CvicJPNCOI07 (1) 
a pond in Minamichita Aichi 2008.02.24 34.725 136.963 10 0.12 6 CvicJPNCOI01 (5), 
CvicJPNCOI07 (1) 
a pond close to Ueda 
shogakko 
Hiroshima 2008.03.22 34.696 132.913 466 0.04 6 CvicJPNCOI06 (6) 
Tsushima 1 
(Hamakusu) 
Nagasaki 2009.01.30 34.643 129.449 55 3.33 6 CvicJPNCOI03 (2), 
CvicJPNCOI09 (4) 
Tsushima 4 (Kechi 
dam) 
Nagasaki 2009.01.30 34.257 129.292 80 4.54 6 CvicJPNCOI03 (3), 
CvicJPNCOI09 (2), 
CvicJPNCOI12 (1) 




Ichibuseike Wakayama 2007.12.06 34.050 135.21 30 2.4 6 CvicJPNCOI03 (4), 
CvicJPNCOI07 (2) 
a pond in Mukaiyama Tokushima 2008.03.20 34.015 134.526 26 0.29 6 CvicJPNCOI05 (4), 
CvicJPNCOI07 (2) 
Gamoda tameike Tokushima 2008.03.20 33.833 134.735 14 0.42 6 CvicJPNCOI09 (6) 
a pond in 
Yakuojimizubekoen 
Fukuoka 2008.03.16 33.712 130.519 106 1.12 6 CvicJPNCOI01 (6) 
a pond in Seiyo 
Iwamoto 
Ehime 2008.03.19 33.398 132.474 225 1.57 6 CvicJPNCOI03 (6) 
a pond near Haki IC Oita 2008.03.15 33.366 130.803 63 0.26 6 CvicJPNCOI04 (5), 
CvicJPNCOI05 (1) 
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a pond in 
Uratashizenkoen 
Saga 2008.03.15 33.216 130.099 19 2.88 6 CvicJPNCOI04 (5), 
CvicJPNCOI13 (1) 
Ikedanotsutsumi Nagasaki 2008.03.15 32.930 129.967 35 4.04 6 CvicJPNCOI02 (1), 
CvicJPNCOI03 (1), 
CvicJPNCOI05 (4) 
Hanazonoike Kumamoto 2008.03.18 32.678 130.689 10 5.11 6 CvicJPNCOI05 (6) 
Kondogaike Miyazaki 2008.03.19 32.567 131.636 19 1.74 6 CvicJPNCOI03 (6) 
Chigogaike Miyazaki 2008.03.18 32.113 131.399 10 2.67 6 CvicJPNCOI03 (6) 






DNA metabarcoding efficiency for freshwater zooplankton identification: 













































DNA barcoding (in the broad sense) is a method used for identifying specimens based on the 
short nucleotide sequence of a specific gene region (e.g., Hebert et al., 2003; Bisett et al., 2005; 
Briski et al., 2011). The main advantage of this method is that it can be applied to taxa that 
have very fine diagnostic morphological characteristics, as well as to larval individuals that 
have not yet developed such diagnostic characteristics. Because zooplankton are physically 
small, the diagnostic morphological characteristics are subsequently small and often difficult 
to be recognized by researchers, especially by non-taxonomists. Therefore, if we implement an 
appropriate DNA barcoding system, zooplankton surveys would be more efficient and 
sophisticated because few identification errors occur in the surveys. However, before the 
application, a DNA sequence library, which accumulates the sequence(s) of each zooplankton 
species, must be prepared (e.g., Elías-Gutiérrez et al., 2008; Makino et al., 2017). 
 Recently, DNA "meta" barcoding has gained increasing traction among researchers, 
since it allows the simultaneous identification of many species within the same sample (termed 
a bulk sample) (e.g., Yang et al., 2017). This method applies high-throughput sequencing 
(referred to as HTS) technology to the polymerase chain reaction (PCR) amplicon which 
belongs to a particular gene region (e.g., Yang et al., 2017; Andujar et al., 2018). The DNA 
sequences obtained by HTS are clustered and divided into multiple operational taxonomic units 
(OTUs) in a series of steps, and each OTU is referred to a DNA sequence library to identify 
species in the bulk sample. However, this method, hereafter simply referred to as DNA 
metabarcoding, may not appropriately detect species within samples if there is a large 
difference in PCR efficiency among the species, since genes from multiple individuals of 
several species are all amplified by PCR at once. Specifically, zooplankton species which have 
extremely low PCR efficiencies may not be detected by DNA metabarcoding, given that the 
differences in PCR efficiency between species are reflected in the number of reads per species 
in HTS. Therefore, when analyzing zooplankton bulk samples by DNA metabarcoding, it may 
be necessary to select gene regions with small interspecies differences in PCR efficiency.  
In previous studies applying DNA metabarcoding to freshwater zooplankton, 
approximately 330 base pairs of the 3' end of the mitochondrial cytochrome c oxidase subunit 
I gene (henceforth referred to as mtCOI, approximately 660 bases), a region referred to as the 
primary DNA barcode in metazoans, have been used (e.g., Yang et al., 2017). The main reason 
for this choice appears to be based on the methodological advantages of non-meta DNA 
barcoding, with mtCOI having the highest species discrimination and the most complete library 
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sequence among the candidate gene regions (e.g., Andújar et al., 2018). However, little 
attention has been paid to PCR bias in DNA metabarcoding, at least at present. 
 Freshwater lakes and ponds harbor a variety of zooplankton, but three taxonomic 
groups; copepods, cladocerans, and rotifers, account for most of the biomass of the zooplankton 
community (e.g., Pace 1986). Copepods and cladocerans are crustaceans, which are larger in 
body size and able to consume a wider range of phytoplankton compared with most rotifer 
species. The community structure of copepods and cladocerans is known to affect the water 
quality, especially Secchi disk transparency of lakes and ponds (e.g., Lampert and Sommer, 
1997; Takamura et al., 1999; Makino et al., 2001). Moreover, copepods and cladocerans with 
larger body sizes are selectively preyed upon by planktivorous fish compared with smaller 
ones, resulting in the transfer of primary production to higher trophic levels (e.g., Lampert and 
Sommer, 1997; Makino et al., 2003; Ban et al., 2013). Therefore, accurate monitoring of 
crustacean zooplankton compositions are extremely important to conserve lake and pond 
ecosystems. In zooplankton monitorings of Japanese lakes and ponds, however, the 
identification of zooplankton species relies on morphological diagnostic characteristics, and, 
accordingly, are not yet performed routinely with the aid of DNA metabarcoding. 
 Therefore, in this Chapter, I examined the degree of “PCR bias” between three gene 
regions (mtCOI, mitochondrial 12S rDNA, nuclear 28S rDNA) in freshwater crustacean 
zooplankton species. The biases were assessed to obtain the best gene region(s) for DNA 
metabarcoding with HTS for appropriate species identification in the bulk of zooplankton 
samples. For this specific purpose, mock communities with defined mixtures of different 
crustacean species were prepared. Using the DNA extracts from each of the mock 
communities, PCRs were performed with different gene regions and different experimental 
settings. The PCR products were sequenced with HTS, and the results of HTS were compared 
to check the degree of PCR bias between gene regions/experimental settings. 
 
Materials and methods 
Target gene regions 
I summarized the universal PCR primers for the three gene regions used in this study in Table 
3.1. The primers for mtCOI, which amplify the Leray fragment (313 bp) that comprises the 3' 
end of the Folmer fragment (658 bp in crustacean zooplankton), were often used in previous 
zooplankton studies with HTS technologies (e.g., Yang et al., 2017; Stefanni et al., 2018). 
Primers for the nuclear 28SrRNA gene D6 domain (hereafter referred to as nr28S) amplify ca. 
330 bp of the gene. Although this primer pair has been used in HTS studies of spiders with the 
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Illumina MiSeq sequence technology (e.g., Krehenwinkel et al., 2018), it has not yet been used 
in zooplankton studies with HTS technologies. Since the primer pair was designed for 
metazoan (Machida and Knowlton, 2012), it is expected that analytical noise via prokaryotic 
gut microbes and algal diet in the gut would be eliminated. Although the primer pair for 
mitochondrial 12S rRNA gene (hereafter mt12S) used in the present study was designed for 
metazoan (Machida et al., 2002), it has been mostly used in studies on copepods (Sioud et al., 
2021, and citations therein). Little attention is paid to the fact that the primer pair may be 
applicable to cladocerans as well (e.g., Elías-Gutiérrez et al., 2019). Fortunately, the 
anonymous Daphnia-specific primer pair developed by Taylor et al. (1996) amplifies nearly 
the same region of mt12S (data not shown), and the primer pair has been repeatedly used in 
later studies on the phylogeny of Daphnia. As a result, many Daphnia mt12S sequences have 
been deposited in genetic databases. Thus, the primer pair of Machida et al. (2002) may have 
a strong potential in zooplankton studies with HTS technologies. On the other hand, the 
amplicon sizes may be shorter in copepods (e.g., 400 bp in the genus Cyclops, Sioud et al, 
2021) than cladocerans (500-550 bp). Here, I examined whether these differences in amplicon 
sizes produce severe PCR bias in HTS technologies. 
 
Sample collection in Miharu dam reservoir 
The crustacean zooplankton were collected from the Miharu Dam reservoir (Miharu Town, 
Fukushima Prefecture) on June 12th and August 21st, 2018. The sampling site was near the dam 
site (37.406511ºN, 140.478142ºE) where the elevation and water depth were about 315 m and 
27m, respectively. The samples were collected by vertical haul of a plankton net (diameter: 30 
cm, mesh: 0.1 mm), fixed with ethanol (final concentration: 99%) and brought back to the 
laboratory. It turned out that samples from both months collectively contained cladocerans and 
copepods such as Bosmina spp., Diaphanosoma dubium, Daphnia galeata, Daphnia ambigua, 
Eodiaptomus japonicus, Cyclops vicinus, and Thermocyclops spp. These species are common 
in Japanese lakes and ponds as reported in various studies (see Yoshida et al., 2001; Ban et al., 
2013; Lakatos et al., 2015; Takamura et al., 2017; Makino et al., 2018; Sioud et al., 2021). 
 
Design of mock communities 
I made 15 mock communities with the zooplankton specimens collected in the Miharu Dam 
Reservoir in June and August (Table 3.2). Basically, a mock community included a mixture of 
cladocerans (adult females) and copepods (equal number of adult males and females) with a 
defined number of individuals for every species (2, 5, and 10 individuals per species, Table 
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3.2). As such, I made mock communities with different total number of individuals to examine 
the effect of individual abundance on the HTS. I made duplicated mock communities in each 
of the gradient of total number of individuals in June or August, which are denoted as June or 
August communities. I also made mock communities by mixing specimens collected in both 
months, which are denoted as Mixed communities. Replication was not made in the Mixed 
communities for the sake of HST outsourcing. Individuals of Ceriodaphnia sp., which were 
collected only in August, were included in the Mixed community with the minimal total 
number of individuals, because their abundance in the August sample was too low to complete 
the other mock communities. Prior to the next step, the zooplankton biomass (as dry weight) 
of each mock community was estimated from the number of individuals, their body length 
(using microscopic photos and ImageJ software), and a species-specific length-weight 
relationship equation shown in Table 3.3. 
 In Japan, four Bosmina species, namely B. longirostris, B. freyi, B. fatalis, and B. 
tanakai, are distributed (Makino et al., 2017). Among them, B. longirostris and B. freyi look 
so identical that it is impossible to separate them via external morphology (see Makino et al., 
2017). Since Bosmina in Miharu Dam reservoir were neither B. fatalis nor B. tanakai according 
to their morphologies (Mizuno and Takanashi, 2000), they could be B. longirostris, B. freyi, or 
both. When I tried to develop the nr28S sequence library with the Sanger technology (see 
below), Bosmina spp. always showed severe double peaks in the wave data. Thus, it was 
decided to obtain Bosmina nr28S library sequences via HTS technology, rather than conducting 
a molecular subcloning. In this line, I made one last mock community (the 16th, not shown in 
Table 3.2) with 50 individuals of Bosmina spp. collected in the south basin of Lake Biwa on 
December 4th, 2017. A preliminary analysis revealed that Bosmina from the lake consisted of 
B. longirostris and B. freyi. Note that this community was also analyzed with mtCOI and mt12S 
in HTS to examine PCR biases. 
 
Building DNA sequence libraries 
Here, the term DNA sequence library is meant to cover at least the 9 taxa included in the mock 
communities from Miharu Dam reservoir (Table 3.2). Previous studies on Japanese freshwater 
zooplankton produced many mtCOI sequences (Folmer fragment), which covered the taxa in 
the mock communities (Table 3.2). Such sequences were used as a part of the mtCOI sequence 
library, while some sequences (Folmer fragment) were newly obtained, mainly from species 
not covered by previous studies, with Sanger sequencing (Table 3.S.1).  To obtain new DNA 
sequences, ethanol-fixed zooplankton samples collected not only from the Miharu Dam 
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reservoir, but also from other lakes and ponds in Japan, were analyzed to increase the degree 
of intraspecific sequence variation. I extracted DNA individually in a 50 μl Quick Extract 
solution according to the manufacturer’s protocols, except that it was prolonged to 6 h at 65 
°C. In mtCOI Folmer fragment, I used primers reported by Prosser et al. (2013) for PCR and 
Sanger sequencing. 
 As for mt12S and nr28S regions, sequence libraries were largely nourished by the 
present Sanger sequencing (Table 3.S.1), using primers shown in Table 3.1. In the case of 
nr28S, as mentioned above, the HTS result from Lake Biwa Bosmina’s community was used 
as a part of nr28S sequence library, together with one Bosmina nr28S sequence mined from 
GenBank (accession number EU370437, von Reumont et al., 2009). 
 
DNA extraction from mock communities 
Individuals that were destined to be in a mock community were rinsed in 99% ethanol. In each 
mock community, all the individuals were transferred to 1.5 ml Eppendorf tubes (16 tubes in 
total, see Table 3.2.). Then, using a glass pipette, the ethanol was manually eliminated from 
each tube as much as possible before they were set for the vacuum evaporation of ethanol. The 
evaporation lasted 30 min in a desiccator. After the vacuum evaporation, DNA was extracted 
from each mock community using the QIAGEN DNeasy blood & tissue kit. At first, I added 
the lysis buffer containing Protease K (as in the manufacturer’s protocol) to each tube and 
incubated (56℃, 200rpm, 3~24 h) the tubes until the whole bodies of zooplankton (apart from 
the guts) became transparent. The subsequent steps of DNA extraction followed the 
manufacturer’s protocol to obtain a 200 µl of eluted DNA solution per each mock community. 
 
HTS analysis 
In each sample, DNA concentration was measured with the aid of Qubit (concentration ranged 
0.79-18.7 ng µl-1). The target gene region was amplified by two consecutive PCRs to generate 
amplicon libraries for MiSeq sequencing. ExTaq HS (TaKaRa) was the DNA polymerase 
selected for mtCOI and nr28S, while a KAPA HiFi HS ReadyMix (KAPA Biosystems) was 
selected for mt12S, whose amplicon size was longer than those of mtCOI and nr28S. The 
reaction volume of PCR was 20 µl in all cases. PCR conditions were summarized in Table 3.5 
(for primers of the 1st PCR, see Table 3.1). Two annealing temperatures were compared in the 
case of mtCOI to determine the better setting. The 1st PCR product was purified with an 
AMPure XP kit (Beckman Coulter Life Sciences) and eluted in the buffer solution (20 µl), of 
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which 2µl was used in the 2nd PCR. The product of the 2nd PCR was also purified with an 
AMPure XP kit and eluted in the buffer solution. 
 In each gene region, the purified 2nd PCR products (16 in total) were mixed, and pair-
end sequences (2 × 250 bp for mtCOI and nr28S, 2 × 300 bp for mt12S) were done by 
FASMAC Co., Ltd. (Atsugi, Kanagawa, Japan) using an Illumina MiSeq platform. The amount 
of data was 0.1 × Run in all cases. Raw sequences were quality-filtered using sickle (ver. 1.33) 
and trimmed using FASTX-Toolkit (ver. 0.0.13.2). Paired-end reads were merged using 
FLASH (ver. 1.2.10) and grouped into operational taxonomic units (OTUs) (97% similarity) 
using USEARCH (ver. 8.0.1623_i86linux64). Then a BLAST+ search (ver. 2.2.29) was 
conducted against our own sequence libraries to identify the OTUs via finding unique best hits. 
In the case of mt12S, OTUs were obtained not only from paired-end reads, but also from single-
end reads, because the amplicon sizes of cladocerans might be slightly too long to get merged 
in a 2 × 300 bp kit. If this is the case, single-ended reads could find more OTUs and in turn 
more species.  
 
Results 
After the quality filtering, the HTS produced from 48,299 in paired-end mtCOI reads of an 
August mock community, to 138,814 in single-end mt12S reads of another August mock 
community (Tables 3.6 - 3.9), of which at least 95% could be assigned at a species level 
according to our sequence libraries (Figs. 3.S.1 - 3.S.5). All species in a mock community were 
detected in all gene regions and experimental conditions, except for Chydorus sp. in mt12S, 
paired-end reads (Table 3.10).  
 The HTS results have revealed misidentifications that happened during the mock 
community preparation such that individuals identified as “B. longirostris” consisted of not 
only B. longirostris, but also B. freyi. The term Bosmina spp. is used hereafter to represent the 
two species. In addition, Mesocyclops dissimilis was included in specimens identified as “either 
Thermocyclops crassus or Thermocyclops taihokuensis”. To keep it simple, the term 
Thermocyclops spp. is used hereafter for these species. Apart from the misidentifications, it 
was impossible to precisely identify Ceriodaphnia and Chydorus in the mock community at a 
species level, because their taxonomy with molecular information is currently not established 
(see Belyaeva and Taylor, 2009; Sharma and Kotov, 2013). In each of these genera, only one 
species was detected. Accordingly, I expressed these as Ceriodaphnia sp. and Chydorus sp. 
hereafter. 
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 Although abundance gradient was created in June (Table 3.6), August mock 
communities (Table 3.7), and the Mixed mock community (Table 3.8), this gradient did not 
produce obvious differences in HTS results, as the proportion of each species’ HTS reads to 
total HTS reads per mock community were similar, despite the gradient of abundance. Thus, 
the gradient was ignored and HTS results in mock communities with different individual 
abundances were treated as replicates of June, August and Mixed communities (Fig. 3.1). If 
the proportion of a species’ HTS read to total HTS reads was simply proportional to the 
abundance of that species in a community, the former value had become ca. 20% in all species 
in June and August communities, because there were 5 species per community. Similarly, the 
former value should be ca. 10-12% in all species in the Mixed community. However, the results 
deviated largely from these expected values.  
 On average, a species was more amplified than the others in different gene regions (Fig. 
3.1). In the June mock community, the most detected species were D. galeata and C. vicinus 
in terms of mtCOI and mt12S, respectively, and both species were similarly best represented 
with nr28S. Interestingly, D. galeata was detected most effectively with mtCOI in the August 
as well as the Mixed treatments, and C. vicinus was most effectively detected with mt12S in 
the Mixed treatment. It was E. japonicus that was most effectively detected with mt12S and 
with nr28S in the August treatment. 
 The size of individuals varied strongly with species in a mock community. Therefore, 
even though the individual number was the same among species, their biomass varied largely. 
In a biomass basis, however, relative proportion of each species’ HTS reads to total HTS reads 
was not proportional either (Fig. 3.2). In mtCOI, D. galeata was always over-represented 
relative to their biomass, while C. vicinus and E. japonicus, especially, were under-represented. 
On the contrary, copepod species tended to be over-represented relative to their biomass in 
mt12S, while cladocerans were poorly detected. In nr28S, the proportion of HTS read in each 
species looked highly proportional to the biomass frequency in the June community; however, 
the same tendency was not observed in the August and the Mixed communities, because E. 
japonicus and Thermocyclops spp. were highly over- and under-represented in the community, 
respectively. 
 As expected, B. longirostris and B. freyi were included in the Lake Biwa Bosmina 
community (Table 3.9). The relative proportion of HTS reads were higher in B. longirostris 
than B. freyi in these gene regions, and the difference in proportion between species was larger 




DNA metabarcoding efficiency  
The result of the mock community experiment clearly showed that the metabarcoding 
efficiency varies depending on the species of crustacean zooplankton as well as the gene 
regions. I point out two possible reasons for this finding. The first reason is related to 
differences in amplicon size between species in the case of mt12S, which is shorter in copepods 
(ca. 400 bp in cyclopoids, 440 bp in E. japonicus) than it is in cladocerans (500-550 bp). When 
a mock community was made solely with cladocerans (i.e., the Lake Biwa Bosmina 
community) the HTS provided large number of reads (see Table 3.9) even though the amplicon 
size is nearly at the maximal capacity of a MiSeq 2 × 300 bp kit. However, the proportion of 
cladoceran HTS reads to total HTS reads in a mock community decreased significantly when 
the community contained copepods. Accordingly, MiSeq Sequencer may have provided more 
reads for amplicons with shorter sizes, resulting in the over-representation of copepods when 
mt12S was used as a target gene. 
 The other reason is that the PCR efficiency varies with species and with gene regions 
(i.e., primer bias). In the case of Lake Biwa Bosmina community, the relative proportion of 
HTS reads from B. freyi compared with that of B. longirostris was roughly 20-fold smaller in 
mt12S than mtCOI. This result suggests either poor mt12S PCR efficiency in B. freyi relative 
to B. longirostris or better mtCOI PCR efficiency in B. freyi relative to B. longirostris. Data 
from Miharu dam mock communities, where the biomasses of each species were known, 
produced quantitative results such that the relative proportion of each species’ HTS reads to 
total HTS reads was not equal to the relative proportion of each species’ biomass to total 
biomass, and that species which were over- and under-represented relative to biomass varied 
with gene regions. 
 Thus, if the relative abundance of freshwater crustacean zooplankton is estimated even 
roughly from the DNA metabarcoding, it is critically important to conduct a preliminary 
experiment, so that the best gene region(s) is determined for water bodies where the monitoring 
will be held.  
 
Recommendations for future zooplankton monitoring in Japanese lakes, ponds, reservoirs 
Since the present mock community experiment used cladoceran and copepod species that are 
common in freshwater lentic ecosystems in Japan, the observed metabarcoding bias should not 
be negligible in any regions. In Japan, D. galeata and E. japonicus are the representative taxa 
in water bodies of low altitudes (e.g., Ishida et al., 2011; Makino et al., 2018) where they often 
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co-occur (e.g., Yoshida et al., 1999; Takamura et al., 2017). In many localities such as those, 
C. vicinus appears in autumn-early summer (Sioud et al., 2021). In addition, E. japonicus is 
endemic to Japan. Accordingly, when monitoring with HTS technologies in Japan, it is 
fundamentally important to carefully detect these three species. In terms of mtCOI, which is 
one of the most frequently used gene regions in HTS metabarcoding, it is revealed that D. 
galeata was over-represented, while E. japonicus and C. vicinus were under-represented 
relative to their biomass. Especially in E. japonicus, which is endemic to Japan, the relative 
frequency of HTS reads were at most 1.6% and always less than 1% despite their relative 
biomass reaching around 30% and nearly 20% in the August and Mixed mock communities, 
respectively. Note that, as the presence of E. japonicus in a mock community was evident, even 
small fractions of HTS reads assigned to E. japonicus were taken as real data (i.e., not the cases 
of false positive) in the present study. Without such prior information on their presence, E. 
japonicus’ HTS reads could have been judged as analytical noise (false positives), because 
there is no precise threshold value delimiting the presence/absence of a species in HTS 
metabarcoding. Therefore, I argue that relying only on mtCOI in HTS metabarcoding should 
be avoided for Japanese crustacean zooplankton communities, where E. japonicus often 
occurs.  I also make a note on another possible risk: when E. japonicus is introduced to water 
bodies outside Japan, mtCOI-based metabarcoding may not detect their occurrence there. 
 To reduce the biases associated with HTS of single gene region as mentioned above, 
some previous studies used multiple DNA barcodes in HTS to argue that it has an enhanced 
ability to describe community composition and species richness compared with single barcode 
cases (Stefanni et al., 2018; Zhang et al., 2018; Carrol et al., 2019). Such studies use mtCOI as 
the primary choice (due to the high resolution in terms of species delimitation) and various 
nuclear ribosomal gene regions as a secondary choice. In this line, the nr28S of the present 
study has well detected E. japonicus in a mock community, even though the species was 
detected inefficiently with mtCOI. However, the nr28S gene did not efficiently detect 
Thermocyclops spp. in a mock community. Instead, this taxon was better detected with mtCOI 
than E. japonicus and C. vicinus. These results indicate the compensatory effects by these two 
gene regions in HTS, which would improve the species detection rate by reducing false 
negatives in zooplankton bulk samples. Therefore, it is currently recommended to use both 
mtCOI and the nr28S of the present study in future HTS monitoring of freshwater zooplankton. 
Since the amplicon size is similar, amplicons of both gene regions can be processed in a single 
MiSeq 2 × 250 bp kit. This point may be important to reduce the running cost of zooplankton 
monitoring.  
 76 
 One potential drawback of a short (such as 300-400 bp) nuclear ribosomal gene barcode 
in freshwater zooplankton, including the present nr28S, is the lower ability of species 
delimitation than mitochondrial barcodes. During the development of barcode libraries, it 
turned out that the nr28S barcode of C. vicinus is shared with Cyclops kikuchii, which is also 
distributed in Japan and the two species sometimes co-occur in the same water body (Sioud et 
al., 2021). A previous study on Daphnia species in Japan also points out that the present nr28S 
barcode of D. galeata is shared with Daphnia dentifera, and that the barcode of D. ambigua is 
shared by more than three species (W. Makino et al., in review). Although such shared barcodes 
did not affect the species delimitation in the Miharu Dam mock communities, they would be 
unwanted in other water bodies and in a nation-scale survey. Fortunately, mtCOI barcodes can 
delimit these species clearly. To avoid false positives, however, it would be desirable to use a 
secondary barcode region that has a similarly high species delimitation power like mtCOI 
barcodes in the multi-locus HTS analysis, so that it can describe species richness more 
precisely. In this line, the mt12S barcode of the present study might be useful, because previous 
studies (Ishida et al., 2011; Sioud et al., 2021) showed that the region can delimit the above-
mentioned species sharing the identical nr28S barcodes. The poor HTS efficiency of 
cladocerans with the mt12S, presumably due to the larger amplicon size than copepods, which 
is a current problem in HTS, might be solved by modifying a procedure prior to the MiSeq 
sequencing such that the concentration of cladoceran PCR product is increased enough to 
compensate the low efficiency in HTS. Evidently, further studies are required to improve the 
protocol for the mt12S to HTS, and once it is done, it is expected that the mt12S region will 
become a methodological breakthrough in the HTS metabarcoding of freshwater zooplankton.  
 Finally, the present metabarcoding did not produce data that were proportional to the 
individual number or biomass of each crustacean zooplankton species in a bulk sample. In 
other words, the present metabarcoding did not produce quantitative data. Therefore, the 
quantitative nature of zooplankton monitoring data should be ensured by traditional, 
quantitative collection methods and traditional counting operations using a microscope. In the 
future, no matter how much sequencing technology advances and how cheap the cost becomes, 
it is extremely important to train and secure human resources who can perform all traditional 
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V. (2019) Who is Moina micrura? Redescription of one of the most confusing 
cladocerans from terra typica, based on integrative taxonomy. Limnetica, 38, 227–252 
Hebert, P.D.N., Cywinska, A., Ball, S.L., deWaaard, J.R. (2003) Biological identifications 
through DNA barcodes. Proc. R. Soc. Lond. B, 270, 313–321 
Ishida, S., Takahashi, A., Matsushima, N. et al. (2011) The long-term consequences of         
hybridization between the two Daphnia species, D. galeata and D. dentifera, in mature 
habitats. BMC Evol. Biol., 11, 209  
Krehenwinkel, H., Kennedy, S. R., Rueda, A., Lam, A. and Gillespie, R. G. (2018) Scaling up 
DNA barcoding – primer sets for simple and cost-efficient arthropod systematics by 
multiplex PCR and Illumina amplicon sequencing. Methods Ecol. Evol., 9, 2181–2193  
Lampert, W., Sommer, U. (1997) Limnoecology. The ecology of lakes and streams. Oxford 
University Press 
 78 
Lakatos, C., Urabe, J., Makino, W. (2015) Cryptic diversity of Japanese Diaphanosoma 
(Crustacea: Cladocera) revealed by morphological and molecular assessments. Inland 
Wat., 5, 253–262  
Machida, R.J., Miya, M.U., Nishida, M., Nishida, S. (2002) Complete mitochondrial DNA 
sequences of Tigriopus japonicus (Crustacea: Copepoda) Mar. Biotech., 4, 406–417 
Makino, W., Kato, H., Takamura, N., Mizutani, H., Katano, N., Mikami, H. (2001) Did 
chironomid emergence release Daphnia from fish predation and lead to Daphnia-driven 
clear-water phase in Lake Towada, Japan? Hydrobiologia, 442, 309–317  
Makino, W., Mikami, H., Katano, N., Nakagawa, M., Takamura, N. (2003) Biological 
productivity of Lake Towada, a north temperate, oligotrophic, kokanee fishery lake. 
Limnology, 4, 79–90 
Makino, W., Maruoka, N., Nakagawa, M., Takamura, N. (2017) DNA barcoding of freshwater 
zooplankton in Lake Kasumigaura, Japan. Ecol. Res., 32, 481–493  
Makino, W., Tanabe, A.S., Urabe, J. (2018) The fauna of freshwater calanoid copepods in 
Japan in the early decades of the 21st Century: implications for the assessment and 
conservation of biodiversity. Limnol. Oceanogr., 63, 758–772  
Mizuno, T., Takahashi, E. (eds) (2000) An illustrated guide to freshwater zooplankton in Japan. 
Tokai University Press, Tokyo (in Japanese) 
Pace, M.L. (1986) An empirical analysis of zooplankton community size structure across lake 
trophic gradients. Limnol. Oceanogr., 31, 45–55  
Prosser, S., Martinez-Arce, A., Elías-Gutiérrez, M. (2013) A new set of primers for COI 
amplification from freshwater microcrustaceans. Mol. Ecol. Res., 13, 1151‒1155 
Sharma, P., Kotov, A.A. (2013) Molecular approach to identify sibling species of the 
Ceriodaphnia cornuta complex (Cladocera: Daphniidae) from Australia with notes on 
the continental endemism of this group. Zootaxa, 3702, 79–89 
Sioud, I., Makino, W., Urabe, J. (2021) Differential intraspecific genetic variations of the 
closely related, wide-ranged freshwater copepods Cyclops vicinus Uljanin, 1875 and C. 
kikuchii Smirnov, 1932. Limnology, 22, 209–219 
Stefanni, S., Stankovic, D., Borme, D., de Olazabal, A., Juretic, T., Pallavicini, A., Tirelli, V. 
(2018) Multi-marker metabarcording approach to study mesozooplankton at basin scale. 
Sci. Rep., 8, 12085 
Taylor, D.J., Hebert, P.D.N., Colbourne, J.K. (1996) Phylogenetics and evolution of the 
Daphnia longispina group (Crustacea) based on 12S rDNA sequence and allozyme 
variation. Mol. Phylogenet. Evol., 5, 495–510 
 79 
Takamura, N., Mikami, H., Mizutani, H., Nagasaki, K. (1999) Did a drastic change in fish 
species from kokanee to pond smelt decrease the Secchi disc transparency in the 
oligotrophic Lake Towada, Japan? Arch. Hydrobiol., 144, 283–304  
Takamura, N., Nakagawa, M., Hanazato, T. (2017) Zooplankton abundance in the pelagic 
region of Lake Kasumigaura (Japan): monthly data since 1980. Ecol. Res., 32, 1–1 
von Reumont, B.M., Meusemann, K., Szucsich, N.U., Dell'Ampio, E., Gowri-Shankar, V., 
Bartel, D., Simon, S., Letsch, H.O., Stocsits, R.R., Luan, Y.X., Wagele, J.W., Pass, G., 
Hadrys, H., Misof, B. (2009) Can comprehensive background knowledge be 
incorporated into substitution models to improve phylogenetic analyses? A case study on 
major arthropod relationships. BMC Evol. Biol., 9, 119 
Yang, J., Zhang, X., Xie, Y., Song, C., Zhang, Y., Yu, H., Burton, G.A. (2017) Zooplankton 
community profiling in a eutrophic freshwater ecosystem-Lake Tai basin by DNA 
metabarcoding. Sci. Rep., 7, 1773  
Yoshida, T., Kagami, M., Gurung, T.B., Urabe, J. (2001) Seasonal succession of zooplankton                                     
in the north basin of Lake Biwa. Aquat. Ecol., 35, 19–29 
Zhang, G.K., Chain, F.J., Abbott, C.L, Cristescu, M.E (2018) Metabarcoding using 
multiplexed markers increases species detection in complex zooplankton communities. 




Fig. 3.1. Average proportion of each species’ read to total reads in June (top panel), August 
(middle panel) and Mixed mock communities (bottom panel). Error bars represent standard 
deviation on the mean. Species are, 1, D. dubium, 2, D. galeata, 3, D. ambigua; 4, Bosmina 
spp.; 5, Chydorus sp.; 6, E. japonicus; 7, C. vicinus; 8, Thermocyclops spp. In each species, 
bars represent the results of, from the left, mtCOI under 46 and 50ºC annealing temperatures, 

































































































































Fig. 3.2.  Proportion (in percentage) of each species’ reads to total reads in June (left), August 
(center) and Mixed mock communities (right) red lative to their biomass. Each panel 
represents the percentages using different gene regions and/or PCR conditions. A dotted 1:1 
line is also shown in each panel. 
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Table 3.1. Nucleotide sequence of the primers for amplicon sequencing employed in the present study. 
Gene region and primer name Nucleotide sequence (5'-3') Reference 
mtCOI  
 
mlCOIintF GGWACWGGWTGAACWGTWTAYCCYCC Leray et al. (2013) 
jgHCO2198 TAIACYTCIGGRTGICCRAARAAYCA Geller et al. (2013) 
mt12S  
 
L13337-12S YCTACTWTGYTACGACTTATCTC Machida et al. (2004) 
H13845-12S GTGCCAGCAGCTGCGGTTA Machida et al. (2004) 
nr28S  
 
28s #3 TTTTGGTAAGCAGAACTGGYG 
Machida & Knowlton 
(2012) 
28s #3_RC ABTYGCTACTRCCACYRAGATC 














Table 3.2. Individual number of each species in the zooplankton "mock community" made from samples collected in Miharu Dam Reservoir. 
  June mock community   August mock community  
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Cladocera             
Diaphanosoma dubium 0 0 0  2 10 20  2 10 20 
Daphnia galeata 2 10 20  2 10 20  2 10 20 
Daphnia ambigua 2 10 20  0 0 0  2 10 20 
Ceriodaphnia sp. 2 0 0 0  0 0 0  2 0 0 
Bosmina spp. 2 10 20  0 0 0  2 10 20 
Chydorus sp. 2 10 20  2 10 20  2 10 20 
Copepoda             
Eodiaptomus japonicus 0 0 0  2 10 20  2 10 20 
Cyclops vicinus 2 10 20  0 0 0  2 10 20 










Table 3.3. Length (L, in mm) - weight (W, in µg dry wt) relationship equation used in the present study.  
Species Equation Reference 
Cladocera  
 
Diaphanosoma dubium W = exp(3.0468*Ln(L) +1.6242+0.1370/2) Bottrell et al. (1976) 
Daphnia galeata W = exp(2.71*Ln(L) +2.29+0.034/2) Kawabata & Urabe (1993) 
Daphnia ambigua W = exp(2.71*Ln(L) +2.29+0.034/2) Kawabata & Urabe (1993) 
Ceriodaphnia sp. W = exp(3.3380*Ln(L) +2.5623+0.1463/2) Bottrell et al. (1976) 
Bosmina spp. W = exp(3.0395*Ln(L) +3.0896+0.0867/2) Bottrell et al. (1976) 
Chydorus sp. W = 89.43*L^3.93 Dumont et al. (1975) 
Copepoda  
 
Eodiaptomus japonicus W = exp(2.27*Ln(L) +1.91+0.019/2) Kawabata & Urabe (1993) 
Cyclops vicinus W = exp(2.3990*Ln(L) +1.9526+0.2570/2) Bottrell et al. (1976) 
Thermocyclops spp. W = exp(2.3990*Ln(L) +1.9526+0.2570/2) Bottrell et al. (1976) 
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  Table 3.4. List of published DNA sequences for zooplankton species used in the present study 
 References in each gene 
Species mtCOI mt12S nr28S 
Diaphanosoma dubium 1, 2 NA NA 
Daphnia galeata 2, 5 5 5 
Daphnia ambigua 2, 5 5 5 
Ceriodaphnia spp. 2* NA NA 
Bosmina spp. 2* NA NA** 
Chydorus spp. NA NA NA 
Eodiaptomus japonicus 3 NA NA 
Cyclops vicinus 2, 6 4 NA 
Thermocyclops spp. 2* NA NA 
1, Lakatos et al. (2015); 2, Makino et al. (2017); 3, Makino et al. (2018); 4, Sioud et al. (2021): 5, Makino et al. (in review); 6, 
Chapter 2 of this thesis 
NA, not available, thus, newly developed in the present study   
*,  additional sequences were obtained because the number of sequences in the reference was insufficient 







Table 3.5. Protocols of PCR prior to a MiSeq sequencing. 
  1st PCR      2nd PCR 
Gene region Step ºC s cycles   ºC s cycles 
mtCOI First denature 94 120   94 120  
 Denature 94 30   94 30  
 Annealing 46 30   60 30  
 Extension 72 60   72 60  
 Number of cycles - - 25  - - 8 
 Final extension 72 300   72 300  
         
mtCOI First denature 94 120   94 120  
 Denature 94 30   94 30  
 Annealing 50 30   60 30  
 Extension 72 30   72 15  
 Number of cycles - - 25  - - 8 
 Final extension 72 300   72 300  
         
nr28S First denature 94 120   94 120  
 Denature 94 30   94 30  
 Annealing 55 30   60 30  
 Extension 72 30   72 30  
 Number of cycles - - 25  - - 8 
 Final extension 72 300   72 300  
         
mt12S First denature 94 180   94 120  
 Denature 98 20   98 20  
 Annealing 60 15   - -  
 Extension 72 30   72 30  
 Number of cycles - - 28  - - 8 












Table 3.6.  Summary of MiSeq amplicon sequence analysis for June Mock communities. The taxon name shown in gray indicates that it did not exist in the mock community. 
Gene region Category June sample, 5 spp. (2 
inds each), rep1 
June sample, 5 spp. (2 
inds each), rep2 
June sample, 5 spp. 
(10 inds each), rep1 
June sample, 5 spp. 
(10 inds each), rep2 
June sample, 5 spp. 
(20 inds each), rep1 
June sample, 5 spp. 
(20 inds each), rep2 
No. of reads % No. of reads % No. of reads % No. of reads % No. of reads % No. of reads % 
mtCOI 
annealing 
temperature, 46 ºC 
Total number of reads 66280 100 91897 100 47864 100 63207 100 63392 100 78165 100 
Below, the breakdown                         
Did not hit to library sequences 232 0.4 895 0.8 2392 4.9 2177 3.4 2327 3.7 363 0.5 
Cladocera                         
Diaphanosoma dubium 0 0 0 0 1 0.0 0 0 0 0 0 0 
Daphnia galeata 37798 57.0 64114 69.8 29838 62.3 33912 53.7 37719 59.5 52461 67.1 
Daphnia ambigua 12566 19.0 6749 7.3 6329 13.2 11183 17.7 8138 12.8 6943 8.9 
Ceriodaphnia sp.2 0 0 0 0 0 0 0 0 0 0 0 0 
Bosmina spp. 3523 5.3 4590 5.0 2557 5.3 4903 7.8 5350 8.4 6769 8.7 
Chydorus sp. 6019 9.1 5872 6.4 2636 5.5 4587 7.3 3530 5.6 4361 5.6 
Copepoda                         
Eodiaptomus japonicus 0 0 0 0 0 0 0 0 1 0.0 0 0 
Cyclops vicinus 6140 9.3 9672 10.5 4108 8.6 6430 10.2 6326 10.0 7268 9.3 
Thermocyclops spp. 2 0.0 5 0.0 3 0.0 15 0.0 1 0.0 0 0 
mtCOI 
annealing 
temperature, 50 ºC  
Total number of reads 99290 100 103294 100 100245 100 91026 100 93109 100 106777 100 
Below, the breakdown                         
Did not hit to library sequences 199 0.2 146 0.1 528 0.5 980 1.1 529 0.6 180 0.2 
Cladocera                         
Diaphanosoma dubium 3 0.0 2 0.0 0 0 0 0 0 0 0 0 
Daphnia galeata 64867 65.3 79488 77.0 71090 70.9 53674 59.0 61735 66.3 75945 71.1 
Daphnia ambigua 16792 16.9 7138 6.9 13052 13.0 15684 17.2 11525 12.4 9209 8.6 
Ceriodaphnia sp.2 0 0 0 0 0 0 0 0 0 0 0 0 
Bosmina spp. 2697 2.7 3231 3.1 3031 3.0 4733 5.2 5675 6.1 6087 5.7 
Chydorus sp. 7589 7.6 5656 5.5 4746 4.7 5549 6.1 4089 4.4 4955 4.6 
Copepoda                         
Eodiaptomus japonicus 0 0 0 0 1 0.0 0 0 0 0 0 0 
Cyclops vicinus 7123 7.2 7632 7.4 7796 7.8 10390 11.4 9555 10.3 10399 9.7 
Thermocyclops spp. 20 0.0 1 0.0 1 0.0 16 0.0 1 0.0 2 0.0 
nr28S  Total number of reads 115461 100 114055 100 130848 100 123593 100 111989 100 104102 100 
Below, the breakdown                         
Did not hit to library sequences 1178 1.0 1869 1.6 6947 5.3 4962 4.0 3077 2.7 3457 3.3 
Cladocera                         
Diaphanosoma dubium 0 0 0 0 0 0 0 0 0 0 2 0.0 
Daphnia galeata 41890 36.3 43106 37.8 48548 37.1 41765 33.8 42917 38.3 33957 32.6 
Daphnia ambigua 20744 18.0 15310 13.4 20222 15.5 20958 17.0 18338 16.4 15128 14.5 
Ceriodaphnia sp.2 0 0 0 0 0 0 0 0 0 0 0 0 
Bosmina spp. 6119 5.3 7151 6.3 5210 4.0 7372 6.0 6546 5.8 8291 8.0 
Chydorus sp. 5171 4.5 5142 4.5 4476 3.4 4136 3.3 4316 3.9 4839 4.6 
Copepoda                         
Eodiaptomus japonicus 27 0.0 25 0.0 62 0.0 56 0.0 63 0.1 19 0.0 
Cyclops vicinus 39987 34.6 41452 36.3 45214 34.6 43752 35.4 36512 32.6 38283 36.8 
Thermocyclops spp. 325 0.3 0 0 169 0.1 592 0.5 220 0.2 126 0.1 
mt12S 
paired-end reads  
Total number of reads 131917 100 120599 100 105588 100 126120 100 121574 100 193938 100 
Below, the breakdown                         
Did not hit to library sequences 1337 1.0 8 0.0 513 0.5 818 0.6 502 0.4 556 0.3 
Cladocera                         
Diaphanosoma dubium 0 0 0 0 0 0 0 0 0 0 0 0.0 
Daphnia galeata 1512 1.1 2220 1.8 1161 1.1 728 0.6 2559 2.1 3859 2.0 
Daphnia ambigua 379 0.3 374 0.3 547 0.5 415 0.3 971 0.8 1258 0.6 
Ceriodaphnia sp.2 0 0 0 0 0 0 0 0 0 0 0 0 
Bosmina spp. 30 0.0 247 0.2 155 0.1 43 0.0 166 0.1 1041 0.5 
Chydorus sp. 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 
Copepoda                         
Eodiaptomus japonicus 75 0.1 37 0.0 12 0.0 328 0.3 1 0.0 0 0.0 
Cyclops vicinus 128562 97.5 117705 97.6 103198 97.7 123586 98.0 117348 96.5 187193 96.5 
Thermocyclops spp. 22 0.0 8 0 2 0.0 202 0.2 27 0.0 31 0.0 
mt12S 
single-end reads   
Total number of reads 132420 100 121406 100 105988 100 126384 100 122365 100 195410 100 
Below, the breakdown                         
Did not hit to library sequences 1363 1.0 11 0.0 517 0.5 821 0.6 510 0.4 569 0.3 
Cladocera                         
Diaphanosoma dubium 0 0.0 0 0 0 0 0 0 0 0 0 0.0 
Daphnia galeata 1849 1.4 2784 2.3 1415 1.3 891 0.7 3107 2.5 4778 2.4 
Daphnia ambigua 441 0.3 417 0.3 623 0.6 454 0.4 1080 0.9 1414 0.7 
Ceriodaphnia sp.2 0 0.0 0 0 0 0 0 0 0 0 0 0 
Bosmina spp. 38 0.0 342 0.3 183 0.2 58 0.0 218 0.2 1326 0.7 
Chydorus sp. 0 0.0 6 0.0 5 0.0 0 0.0 0 0.0 15 0.0 
Copepoda                         
Eodiaptomus japonicus 75 0.1 37 0.0 12 0.0 332 0.3 1 0.0 0 0.0 
Cyclops vicinus 128632 97.1 117801 97.0 103230 97.4 123626 97.8 117422 96.0 187277 95.8 
Thermocyclops spp. 22 0.0 8 0 3 0.0 202 0.2 27 0.0 31 0.0 
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Table 3.7. Miharu Dam August mock community samples, MiSeq amplicon sequence analysis summary. The taxon name shown in gray indicates that it did not exist in the 
mock community. The nr28S sequencing failed in the mock community "5 spp. (10 inds each), rep1." 
Gene region Category 
August sample, 5 spp. 
(2 inds each), rep1 
August sample, 5 spp. 
(2 inds each), rep2 
August sample, 5 spp. 
(10 inds each), rep1 
August sample, 5 spp. 
(10 inds each), rep2 
August sample, 5 spp. 
(20 inds each), rep1 
August sample, 5 spp. 
(20 inds each), rep2 
No. of reads % No. of reads % No. of reads % No. of reads % No. of reads % No. of reads % 
mtCOI 
annealing temperature, 
46 ºC  
Total number of reads 58869 100 70353 100 58592 100 48299 100 59922 100 56773 100 
Below, the breakdown                         
Did not hit to library sequences 140 0.2 571 0.8 173 0.3 149 0.3 266 0.4 198 0.3 
Cladocera                         
Diaphanosoma dubium 4263 7.2 3024 4.3 2215 3.8 1683 3.5 4394 7.3 2428 4.3 
Daphnia galeata 45146 76.7 44454 63.2 43157 73.7 30262 62.7 32938 55.0 41680 73.4 
Daphnia ambigua 1 0.0 0 0 2 0.0 0 0 0 0 0 0 
Ceriodaphnia sp.2 0 0 0 0 0 0 0 0 0 0 0 0 
Bosmina spp. 0 0 0 0 0 0 5 0.0 0 0.0 1 0.0 
Chydorus sp. 3932 6.7 2849 4.0 4132 7.1 2656 5.5 3518 5.9 2641 4.7 
Copepoda                         
Eodiaptomus japonicus 257 0.4 545 0.8 395 0.7 750 1.6 660 1.1 276 0.5 
Cyclops vicinus 0 0 0 0 0 0 0 0 1 0.0 0 0 
Thermocyclops spp. 5130 8.7 18910 26.9 8518 14.5 12794 26.5 18145 30.3 9549 16.8 
mtCOI 
annealing temperature, 
50 ºC  
Total number of reads 107754 100 128322 100 95617 100 105906 100 89707 100 86445 100 
Below, the breakdown                         
Did not hit to library sequences 152 0.1 579 0.5 146 0.2 159 0.2 213 0.2 171 0.2 
Cladocera                         
Diaphanosoma dubium 5542 5.1 4170 3.2 2673 2.8 2642 2.5 4897 5.5 2574 3.0 
Daphnia galeata 88495 82.1 89607 69.8 75873 79.4 73624 69.5 56610 63.1 68666 79.4 
Daphnia ambigua 1 0.0 0 0 0 0 1 0 1 0.0 0 0 
Ceriodaphnia sp.2 0 0 0 0 0 0 0 0 0 0 0 0 
Bosmina spp. 0 0 0 0 0 0 0 0 6 0.0 0 0 
Chydorus sp. 5766 5.4 4479 3.5 5347 5.6 5072 4.8 4560 5.1 3375 3.9 
Copepoda                         
Eodiaptomus japonicus 439 0.4 818 0.6 536 0.6 1469 1.4 927 1.0 311 0.4 
Cyclops vicinus 2 0.0 0 0 0 0 2 0 4 0.0 0 0 
Thermocyclops spp. 7357 6.8 28669 22.3 11042 11.5 22937 21.7 22489 25.1 11348 13.1 
nr28S 















127929 100 119040 100 124262 100 
Below, the breakdown                     











223 0.2 278 0.2 359 0.3 
Cladocera                     
Diaphanosoma dubium 6047 4.9 6550 5.5 4834 3.8 6418 5.4 6458 5.2 
Daphnia galeata 41553 33.5 28154 23.6 27691 21.6 27304 22.9 37255 30.0 
Daphnia ambigua 1186 1.0 863 0.7 820 0.6 843 0.7 1139 0.9 
Ceriodaphnia sp.2 0 0 0 0 0 0 0 0 0 0 
Bosmina spp. 0 0 1 0.0 2 0.0 1 0.0 2 0.0 
Chydorus sp. 5803 4.7 7075 5.9 6252 4.9 5695 4.8 5685 4.6 
Copepoda                     
Eodiaptomus japonicus 66817 53.9 74611 62.4 86215 67.4 76161 64.0 71142 57.3 
Cyclops vicinus 1 0.0 1 0.0   0 2 0.0 0 0 2 0.0 
Thermocyclops spp. 2274 1.8 1795 1.5   0 1890 1.5 2340 2.0 1991 1.6 
mt12S 
paired-end reads  
Total number of reads 96325 100 87066 100 134504 100 125024 100 90154 100 100705 116 
Below, the breakdown                         
Did not hit to library sequences 0 0 0 0 1 0.0 60 0.0 1 0.0 0 0.0 
Cladocera                         
Diaphanosoma dubium 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 
Daphnia galeata 152 0.2 128 0.1 755 0.6 71 0.1 1462 1.6 831 1.0 
Daphnia ambigua 0 0.0 0 0 0 0 0 0 0 0.0 0 0 
Ceriodaphnia sp.2 0 0 0 0 0 0 0 0 0 0 0 0 
Bosmina spp. 0 0 0 0 0 0 1 0 0 0.0 0 0 
Chydorus sp. 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 
Copepoda                         
Eodiaptomus japonicus 82159 85.3 16331 18.8 89113 66.3 97603 78.1 34227 38.0 57235 66.2 
Cyclops vicinus 0 0.0 0 0 3 0 0 0 2 0.0 0 0 
Thermocyclops spp. 14014 14.5 70607 81.1 44632 33.2 27289 21.8 54462 60.4 42639 49.3 
mt12S 
single-end reads   
Total number of reads 103232 100 89282 100 138814 100 126832 100 94295 100 105038 100 
Below, the breakdown                         
Did not hit to library sequences 2 0.0 6 0.0 5 0.0 62 0.0 13 0.0 5 0.0 
Cladocera                         
Diaphanosoma dubium 6213 6.0 2052 2.3 3344 2.4 977 0.8 3536 3.7 3653 3.5 
Daphnia galeata 204 0.2 157 0.2 950 0.7 90 0.1 1773 1.9 1019 1.0 
Daphnia ambigua 0 0.0 0 0 0 0 0 0 0 0.0 0 0 
Ceriodaphnia sp.2 0 0 0 0 0 0 0 0 0 0 0 0 
Bosmina spp. 0 0 0 0 0 0 2 0 0 0.0 0 0 
Chydorus sp. 0 0.0 0 0.0 2 0.0 0 0.0 9 0.0 2 0.0 
Copepoda                         
Eodiaptomus japonicus 82798 80.2 16445 18.4 89872 64.7 98409 77.6 34504 36.6 57731 55.0 
Cyclops vicinus 0 0.0 0 0 2 0 1 0 2 0.0 0 0 
Thermocyclops spp. 14015 13.6 70622 79.1 44639 32.2 27291 21.5 54458 57.8 42628 40.6 
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Table 3.8. Miharu Dam "Mixed" mock community samples, MiSeq amplicon sequence analysis summary. 
Gene region Category 
Both months mixed, 9 spp. (2 inds each) Both months mixed, 8 spp. (10 inds each) Both months mixed, 8 spp. (20 inds each) 
No. of reads % No. of reads % No. of reads % 
mtCOI 
annealing temperature, 46 ºC  
Total number of reads 54082 100 60787 100 54305 100 
Below, the breakdown             
Did not hit to library sequences 369 0.6 1224 2.0 824 1.5 
Cladocera             
Diaphanosoma dubium 1118 2.1 1324 2.2 1201 2.2 
Daphnia galeata 31189 57.7 29798 49.0 32438 59.7 
Daphnia ambigua 6575 12.2 9893 16.3 5731 10.6 
Ceriodaphnia sp.2 (only in "9 spp.") 907 1.7 0 0 0 0 
Bosmina spp. 3525 6.5 4108 6.8 2847 5.2 
Chydorus sp. 2722 5.0 3121 5.1 2391 4.4 
Copepoda             
Eodiaptomus japonicus 111 0.2 162 0.3 198 0.4 
Cyclops vicinus 4458 8.2 5723 9.4 4765 8.8 
Thermocyclops spp. 3108 5.7 5434 8.9 3910 7.2 
mtCOI 
annealing temperature, 50 ºC  
Total number of reads 87875 100 92236 100 81961 100 
Below, the breakdown             
Did not hit to library sequences 433 0.5 533 0.6 235 0.3 
Cladocera             
Diaphanosoma dubium 1309 1.5 1522 1.7 1316 1.6 
Daphnia galeata 58360 66.4 50967 55.3 54172 66.1 
Daphnia ambigua 9934 11.3 14800 16.0 8677 10.6 
Ceriodaphnia sp.2 (only in "9 spp.") 991 1.1 0 0 0 0 
Bosmina spp. 3388 3.9 4666 5.1 2525 3.1 
Chydorus sp. 3984 4.5 3984 4.3 3292 4.0 
Copepoda             
Eodiaptomus japonicus 147 0.2 178 0.2 196 0.2 
Cyclops vicinus 5257 6.0 7993 8.7 6521 8.0 
Thermocyclops spp. 4072 4.6 7593 8.2 5027 6.1 
nr28S  Total number of reads 119052 100 113227 100 113796 100 
Below, the breakdown             
Did not hit to library sequences 1125 0.9 1397 1.2 2089 1.8 
Cladocera             
Diaphanosoma dubium 3397 2.9 2321 2.0 2869 2.5 
Daphnia galeata 26845 22.5 28438 25.1 27361 24.0 
Daphnia ambigua 15506 13.0 13661 12.1 10660 9.4 
Ceriodaphnia sp.2 (only in "9 spp.") 4457 3.7 0 0 0 0 
Bosmina spp. 5534 4.6 4462 3.9 3619 3.2 
Chydorus sp. 3273 2.7 2621 2.3 2772 2.4 
Copepoda             
Eodiaptomus japonicus 34737 29.2 39692 35.1 41836 36.8 
Cyclops vicinus 23499 19.7 19767 17.5 21773 19.1 
Thermocyclops spp. 679 0.6 868 0.8 817 0.7 
mt12S 
paired-end reads  
Total number of reads 114446 100 102307 100 94525 100 
Below, the breakdown             
Did not hit to library sequences 2390 2.1 361 0.4 257 0.3 
Cladocera             
Diaphanosoma dubium 1 0.0 1 0.0 1 0.0 
Daphnia galeata 2500 2.2 3067 3.0 1143 1.2 
Daphnia ambigua 1086 0.9 2345 2.3 537 0.6 
Ceriodaphnia sp.2 (only in "9 spp.") 37 0.0 0 0 0 0 
Bosmina spp. 558 0.5 515 0.5 233 0.2 
Chydorus sp. 0 0.0 0 0.0 0 0.0 
Copepoda             
Eodiaptomus japonicus 19791 17.3 11612 11.4 26374 27.9 
Cyclops vicinus 62328 54.5 58661 57.3 48451 51.3 
Thermocyclops spp. 25755 22.5 25745 25.2 17529 18.5 
mt12S 
single-end reads  
Total number of reads 117178 100 104476 100 96448 100 
Below, the breakdown             
Did not hit to library sequences 2403 2.1 364 0.3 258 0.3 
Cladocera             
Diaphanosoma dubium 1659 1.4 1014 1.0 1312 1.4 
Daphnia galeata 3093 2.6 3679 3.5 1392 1.4 
Daphnia ambigua 1210 1.0 2637 2.5 605 0.6 
Ceriodaphnia sp.2 (only in "9 spp.") 43 0.0 0 0 0 0 
Bosmina spp. 709 0.6 667 0.6 290 0.3 
Chydorus sp. 7 0.0 8 0.0 9 0.0 
Copepoda             
Eodiaptomus japonicus 19941 17.0 11693 11.2 26585 27.6 
Cyclops vicinus 62373 53.2 58691 56.2 48461 50.2 
















































Table 3.9. MiSeq amplicon sequence analysis summary for the Lake Biwa Bosmina community. The taxon name shown 
in gray indicates that it did not exist in the mock community. 
Gene region Category 
Lake Biwa Bosmina spp. (50 inds), rep1 
No. of reads % 
mtCOI 
annealing temperature, 46 ºC 
Total number of reads 58208 100 
Below, the breakdown     
Did not hit to library sequences 890 1.5 
Cladocera     
Diaphanosoma dubium 0 0 
Daphnia galeata 1 0.0 
Daphnia ambigua 0 0 
Ceriodaphnia sp.2 0 0 
Bosmina spp. 57317 98.5 
Chydorus sp. 0 0 
Copepoda     
Eodiaptomus japonicus 0 0 
Cyclops vicinus 0 0 
Thermocyclops spp. 0 0 
mtCOI 
annealing temperature, 50 ºC 
Total number of reads 86439 100 
Below, the breakdown     
Did not hit to library sequences 686 0.8 
Cladocera     
Diaphanosoma dubium 0 0 
Daphnia galeata 6 0.0 
Daphnia ambigua 0 0 
Ceriodaphnia sp.2 0 0 
Bosmina spp. 85743 99.2 
Chydorus sp. 1 0.0 
Copepoda     
Eodiaptomus japonicus 0 0 
Cyclops vicinus 1 0.0 
Thermocyclops spp. 2 0.0 
nr28S 
Total number of reads 124064 100 
Below, the breakdown     
Did not hit to library sequences 1176 0.9 
Cladocera     
Diaphanosoma dubium 0 0 
Daphnia galeata 1 0.0 
Daphnia ambigua 0 0 
Ceriodaphnia sp.2 0 0 
Bosmina spp. 122866 99.0 
Chydorus sp. 8 0.0 
Copepoda     
Eodiaptomus japonicus 11 0.0 
Cyclops vicinus 0 0 
Thermocyclops spp. 0 0 
mt12S 
paired-end reads  
Total number of reads 60565 100 
Below, the breakdown     
Did not hit to library sequences 0 0 
Cladocera     
Diaphanosoma dubium 0 0 
Daphnia galeata 0 0 
Daphnia ambigua 0 0 
Ceriodaphnia sp.2 0 0 
Bosmina spp. 60542 100 
Chydorus sp. 0 0 
Copepoda     
Eodiaptomus japonicus 21 0.0 
Cyclops vicinus 1 0.0 
Thermocyclops spp. 1 0.0 
mt12S 
single-end reads   
Total number of reads 75741 100 
Below, the breakdown     
Did not hit to library sequences 4 0.0 
Cladocera     
Diaphanosoma dubium 1 0.0 
Daphnia galeata 0 0 
Daphnia ambigua 0 0 
Ceriodaphnia sp.2 0 0 
Bosmina spp. 75712 100 
Chydorus sp. 0 0 
Copepoda     
Eodiaptomus japonicus 22 0.0 
Cyclops vicinus 1 0.0 
Thermocyclops spp. 1 0.0 
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Table 3.10. Library DNA sequences that were hit by the OTUs of HTS. 






nr28S mt12S, paired-end reads mt12S, single-end reads 
Diaphanosoma dubium Ddub_05_LC215459 Ddub_05_LC215459 28SD6_Ddub Ddub_C19_12S_miharudam Ddub_C19_12S_miharudam 
Daphnia galeata Dgal_03_LC627414 Dgal_03_LC627414 Dgal_28SD6_Daphnia3_LC628553 Dgal_adachi_12S Dgal_adachi_12S   
Dgal_01_LC215466 
   
Daphnia ambigua Damb_k188_LC627389 Damb_k188_LC627389 Damb_28SD6_Daphnia2_LC628550 Damb_NIES_12S Damb_NIES_12S 
Ceriodaphnia sp. 2 Cerio2_820 Cerio2_820 28SD6_Cerio_spp2and3 Cerio2_819_12S Cerio2_819_12S 
Bosmina spp. Blon_02_LC215476 Blon_02_LC215476 EU370437_Bosmina_sp1 Blon721_12S Blon_C10_12S  
Blon_k64 Blon_k64 
 
Blon718_12S Blon718_12S  
Blon_737 Blon_747 
 





   
  
Blon_433_Bfreyi 
   
  
Blon_411_Bfreyi 
   
Chydorus sp. Chydorus_miharuC11 Chydorus_miharuC11 28SD6_Chydorus (none) Chydorus_miharudam_C12_12S 
Eodiaptomus japonicus Eodia_E53_AB330582 Eodia_E53_AB330582 28SD6_Eodiaptomus Ejap_k88_12S_miharudam Ejap_k88_12S_miharudam   
Eodia_E12_AB330547 
   
  
Eodia_E37_AB330570 
   
  
Eodia_EB19_AB591920 
   
  
Eodia_E09_AB330544 
   
  
Eodia_EB20_AB591921 
   
  
Eodia_EB09_AB591910 
   




Thermocyclops spp. Thcra_k28 Thcra_k28 28SD6_Thermocyc_crassus Thcra_k28_12S_miharudam Thcra_k28_12S_miharudam  
Thtai_01_LC215456 Thtai_01_LC215456 28SD6_Thermocyc_taihoku Thtai_k26_12S_akashikoen Thtai_k26_12S_akashikoen  
Mdis_k168 Mdis_k168 28SD6_Mesocyc_dissimilis Mdis_k168_12S Mdis_k168_12S 


























Table 3.11. The HTS results of the Lake Biwa Bosmina community. 
 No. of reads (% in parenthesis) 
Gene and setting B. longirostris B. freyi 
mtCOI, 46ºC 44430 (78) 12887 (22) 
mtCOI, 50ºC 63355 (74) 22388 (26) 
mt12S, paired-end 59837 (99) 705 (1) 
mt12S, single-end 74827 (99) 885 (1) 
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Fig.3.S.1. Phylogenetic tree of cladocerans made by Maximum Likelihood method with 1000 
replicates for mtCOI.  
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Fig.3.S.2. Phylogenetic tree of copepods made by Maximum Likelihood method with 1000 
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Fig 3.S.3. Phylogenetic tree of cladocerans made by Maximum Likelihood method with 1000 
replicates for mt12S.  
 
 Dgal NIES 12S LC628507
 Dgal ymgch 12S LC628511
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Fig 3.S.4. Phylogenetic tree of copepods made by Maximum Likelihood method with 1000 




 Mdis k72 12S
 Mdis k168 12S
 Mdis biwa 12S
 Thtai k26 12S akashikoen
 Thtai 733 12S nakajimakoen
 Thcra k27 12S miharudam
 Thcra k28 12S miharudam
 Cvic LC537296 12SJPN12
 Cvic LC537295 12SJPN11
 Cvic LC537293 12SJPN9
 Cvic LC537294 12SJPN10
 Cvic C16 12S miharudam
 Ejap k86 12S
 Ejap k88 12S miharudam
 Ejap k87 12S BiwaNB
 Ejap 320 12S Biwako
















Fig S3.5. Phylogenetic tree of cladocerans and copepods made by Maximum Likelihood method with 1000 replicates for nr28S. 
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Table 3.S.1. List of Japanese crustacean zooplankters, from which library DNA sequences were 
newly obtained in the present study with the Sanger technology. 
    Date Sequence ID     
Species Individual Locality name Prefecture (yyyymmdd) mtCOI mt12S nr28S 
Diaphanosoma 
dubium 











Ibaraki 20141112 Ddub_05_LC215459 - 28SD6_Ddub 
snbr1 Senbaruike Okinawa 20070725 - Ddub_snbr1_12S - 












Miyagi 201508xx - Ddub_427_12S - 










Ibaraki 20141112 - Ccor_kasumi2_12S - 




Ibaraki lab strain - - 28SD6_Cqua_NIES 
cf. quadrangula               
Ceriodaphnia sp. 1 




Miyagi 201508xx Cerio1_420 - - 
711 Heian no kaze Akita 20090505 Cerio1_711 - - 
712 Heian no kaze Akita 20090505 Cerio1_712 - - 
767 Tazawa oonuma Akita 20170629 Cerio1_767 Cerio1_767_12S - 
787 Hakui City Ishidawa 20180801 Cerio1_787 - - 




Aomori 20070727 Cerio1_k79 - - 
k122 Kamiya ike Gifu 20071124 Cerio1_k122 - - 
k123 Kamiya ike Gifu 20071124 Cerio1_k123 - - 
Ceriodaphnia sp. 2 
442 Lake Biwa SB Shiga 201610xx Cerio2_442 - - 
443 Lake Biwa SB Shiga 201610xx Cerio2_443 Cerio2_443_12S 
28SD6_Cerio_spp2and
3 
819 Akashi koen Hyogo 20170913 Cerio2_442 Cerio2_819_12S - 
820 Akashi koen Hyogo 20170913 Cerio2_820 Cerio2_819_12S - 
k177 Kato City Ooike Hyogo 20190316 Cerio2_442 Cerio2_819_12S - 
k180 Kato City Ooike Hyogo 20190316 Cerio2_442 Cerio2_819_12S - 
C23 Miharu Dam Fukushima 20180821 - Cerio2_819_12S - 
C24 Miharu Dam Fukushima 20180821 - Cerio2_819_12S - 
Ceriodaphnia sp. 3 
815 Sendai City Miyagi 201709xx Cerio3_815 - 
28SD6_Cerio_spp2and
3 
816 Sendai City Miyagi 201709xx Cerio3_815 - - 
817 Sendai City Miyagi 201709xx Cerio3_815 - - 
818 Sendai City Miyagi 201709xx Cerio3_815 - - 
Bosmina freyi  
408 Oroshitani ike Ehime 20060529 Blon_408_Bfreyi - - 
411 Chishaga ike Shimane 20110923 Blon_411_Bfreyi Bfre_411_12S - 
433 Lake Biwa SB Shiga 201610xx Blon_433_Bfreyi Bfre_433_12S - 










701 Lake Ikeda Kagoshima 20051031 Blon_701 Blon701_12S - 




Miyagi 20160507 Blon_721 Blon721_12S - 
729 Yanagihira Shiga 201610xx Blon_729 - - 
747 Sankaku numa Hokkaido 20080419 Blon_747 - - 
k64 Nekomata ike Nagano 20180802 Blon_k64 - - 
715 Heian no kaze Akita 20090505 Blon_715 - - 









Ibaraki 20141210 - Bfat_kasumi24_12S - 
435 Lake Biwa SB Shiga 201610xx Bfat_biwa01 - - 
437 Lake Biwa SB Shiga 201610xx Bfat_biwa01 - - 
727 Yanagihira Shiga 201610xx Bfat_biwa01 Bfat_biwa_12S - 
728 Yanagihira Shiga 201610xx Bfat_biwa01 - - 
790 Lake Biwa SB Shiga 20170621 Bfat_biwa01 - - 
k53 Lake Suwa Nagano 20040824 Bfat_suwa_k53 - - 









Hokkaido 20080824 Btan_02 - - 
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nkbrBtan1 Lake Nukabira Hokkaido 20030822 Btan_02 - - 
nkbrBtan2 Lake Nukabira Hokkaido 20030822 Btan_03 - - 
743 Lake Toya Hokkaido 20030825 Btan_02 Btan_743_12S_toya - 
744 Lake Toya Hokkaido 20030825 Btan_04 Btan_743_12S_toya - 
Chydorus sp. 
















Miyagi 20170529 Csph_01 Chysphae_765_12S 28SD6_Chydorus 
769 Mizoro ike Kyoto lab strain Csph_769 Chysphae_769_12S - 




Ibaraki 20180909 Csph_k89 - - 
k98 Oohori koen Fukuoka 20080315 Csph_k98 - - 
Eodiaptomus 
japonicus 
C1 Miharu Dam Fukushima 20180612 - - 28SD6_Eodiaptomus 








Ibaraki 20141112 - - 28SD6_Eodiaptomus 
k86 Lake Kitaura Ibaraki 20180909 - Ejap_k86_12S - 








320 Lake Biwa SB Shiga 20060728 - Ejap_320_12S_Biwako  
321 Lake Biwa SB Shiga 20060728 - Ejap_321_12S_Biwako  






Ibaraki 20141112 - - 
28SD6_Cyclops_vicinu
s 
  Cvic_kasumi02 
Lake 
Kasumigaura 

















C31 Miharu Dam Fukushima 20180821 - - 
28SD6_Thermocyc_cra
ssus 
C32 Miharu Dam Fukushima 20180821 - - 
28SD6_Thermocyc_cra
ssus 

















BiwaMeso01 Lake Biwa NB Shiga 20131114 Mdis_biwa01 Mdis_biwa_12S - 
BiwaMeso02 Lake Biwa NB Shiga 20131114 Mdis_biwa01 Mdis_biwa_12S 
28SD6_Mesocyc_dissi
milis 
BiwaMeso03 Lake Biwa NB Shiga 20131114 Mdis_biwa01 - 
28SD6_Mesocyc_dissi
milis 
k72 Lake Kitaura Ibaraki 20180909 Mdis_01_LC215455 Mdis_k72_12S 
28SD6_Mesocyc_dissi
milis 
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